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ABSTRACT 

A sample of G and K giants approximately 4 kpc from the Sun, covering the abundance range from 
solar to extreme halo has been selected without kinematic bias in a field aligned to measure galactic 
rotation. Accurate abundances, distances, and radial velocities have been measured. This sample has 
been combined with nonkinematically selected solar neighborhood objects taken from the literature, in 
order to examine the kinematics of the transition from disk to “thick disk” to halo. The metal-rich 
objects in the sample, with 0> [Fe/H] > — 0.8, rotate rapidly around the galactic center and have low 
azimuthal velocity dispersion, 0^=40+10 kms-1. For objects in the range 
— 0.5 > [Fe/H] > — 0.8, we find a small value for the asymmetric drift of 35 + 10 km s"1. We associ- 

ate these objects with the thick disk, confirming the kinematical results of Ratnatunga and Freeman 
( 1989) and others. In the abundance range — 1.0> [Fe/H] > — 1.6 we find, in addition to objects with 
normal halo kinematics, objects in a disk configuration, confirming the results of Norris, Bessell, and 
Pickles (1985). This disk is rotating rapidly, Lrot = 170+15 kms-1, and has a scale height of 
1.4 + 0.7 kpc—these kinematical and spatial properties are similar to those of the thick disk. We show 
that these objects have different kinematics from that of the globular clusters and a sample of local RR 
Lyraes in the same abundance range. This suggests to us that these objects are better associated with the 
thick disk than the halo, and we refer to them as “metal-weak thick-disk stars.” Hence we suggest that 
the conventional chemical description of the thick disk (Gilmore and Wyse 1985) be widened to 
include stars with abundances as low as [Fe/H] = — 1.6. At the galactic plane, the density of these 
metal-weak thick-disk stars is similar to that of halo stars, so they significantly affect the measurement, 
from samples selected on abundance, of the components of the velocity ellipsoid for the halo in the solar 
neighborhood. For the halo giants in our sample we measure = 102 + 24 and Frot = 17 + 24 
km s ~ 1. The rotation velocity and velocity ellipsoid for the metal-weak halo in the solar neighborhood 
have been rederived for objects with [Fe/H]< — 1.6 from the large sample of Norris (1986), thus 
removing the possibility of contamination by metal-weak thick-disk stars. We derive Vrot =25 + 15 
km s~ 1 and (<jr, cre) = ( 133 + 8, 98 + 13, 94 + 6) km s~ 1. These values are more consistent with 
other information about the shape of the halo. 

I. INTRODUCTION 

The study of the stellar populations which make up our 
galaxy yields important clues with which to reconstruct its 
history. Recently, great improvements in observational 
techniques have made available large samples of objects with 
accurate kinematic, abundance and/or age data. The size of 
these samples is leading towards better descriptions of the 
Galaxy’s stellar populations in terms of chemistry, kinema- 
tics, age, and space distributions. In addition, we can begin 
to examine how clearly the various boundaries between pop- 
ulations should be drawn. 

In this paper, we have obtained a sample of G and K giants 
with abundances covering the full range from disk to halo, in 
a field chosen to measure rotational kinematics. This study 
of the disk to halo transition will involve three of the Ga- 
laxy’s populations: the disk, the “thick disk,” and the halo. 
Of these, the thick disk is the most controversial. It was in- 
troduced by Gilmore and Reid ( 1983 ), but opinions are still 
divided about its existence as a separate population, and also, 
to some extent, its properties. For a recent summary of work 
in this area, see Freeman (1987). 

In this paper, our use of “thick disk” means a set of stars 
with the particular kinematics outlined by Freeman ( 1987) : 

a) Current address: Observatories of the Carnegie Insitution of Washington, 
813 Santa Barbara St., Pasadena, CA 91101. 
b) Current address: Astronomisches Rechen Institut, Mönchofstrasse 12- 
14, D-6900 Heidelberg 1, Federal Republic of Germany. 
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i.e., an asymmetric drift of about 30 km s“1 and velocity 
dispersion components that are about twice those of the old 
disk. Our aim in this work is to identify the range of stellar 
abundances that are consistent with this kinematical defini- 
tion, so our use of thick disk does not have the conventional 
(see Gilmore and Wyse 1985) chemical connotations. 

Before we consider the thick disk, we should review brief- 
ly the two other populations—the old disk and the halo. The 
old disk is the best understood of the three. It is kinematical- 
ly cold and rotationally supported, and is represented in the 
solar neighborhood by the bulk of the metal-rich stars. Halo 
stars are metal-weak, very rare in the solar neighborhood, 
and form a slowly rotating, high velocity dispersion popula- 
tion. 

Once the basic properties of the major components have 
been established, there are further questions: for example, 
are the populations distinct and well separated or is there an 
overlap between the populations, in abundance, kinematics, 
or age? In particular, is there an abrupt change from disk to 
halo, or a region of transition between them? 

The thick disk itself certainly has transitional properties. 
It has an intermediate scale height (about 1 kpc), and its 
rotation is rapid (but less rapid than the old, metal-rich thin 
disk). The components of its velocity dispersion are about 
twice those of the old disk. 

Several studies (i.e., Gilmore and Wyse 1985; Carney, 
Latham, and Laird 1989) have proposed that the thick-disk 

♦Defined in the usual way by [Fe/H] = log(Fe/H)*-log(Fe/H)0. 

© 1990 Am. Astron. Soc. 1191 0004-6256/90/041191-32$00.90 
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1192 MORRISON ETAL. : DISK AND HALO 

stars have abundances intermediate between disk and halo. 
In this conventional description of the thick disk, Gilmore 
and Wyse ( 1985) suggested that the peak of its abundance 
distribution is at [Fe/H]*^ — 0.6 with a spread in abun- 
dance of about cr[Fe/H] —0.3. However, Norris, Bessell, and 
Pickles ( 1985—hereafter referred to as NBP), have found 
stars in the solar neighborhood which have [Fe/H] < — 1, 
and are on low eccentricity, high angular momentum orbits, 
with z velocity dispersion similar to that of the thick disk and 
suggested that these stars are the metal-weak tail of the thick 
disk. The kinematics of these metal-weak thick-disk stars are 
so different from those of the classical metal-weak halo, that 
there is little difficulty in distinguishing between them. How- 
ever, distinguishing between stars of the thin and thick disks 
is more difficult, if they are indeed separate populations. The 
suggested kinematical and abundance parameters of the 
thick disk are relatively close to those of the thin disk, mak- 
ing it difficult to decide whether they are separate popula- 
tions on kinematical and chemical grounds alone. Stars with 
an abundance [Fe/H] — — 0.5 in the solar neighborhood 
show clear signs of higher velocity dispersion and asymmet- 
ric drift relative to the more metal-rich stars: Do they belong 
to the thick or the thin disk, or are the two populations really 
one, with a somewhat larger range of kinematic properties, 
as suggested by Norris ( 1987)? 

We aim in this paper to define more clearly the concepts of 
thick disk and halo, by examining the disk to halo transition 
from objects that cover the full disk to halo range of abun- 
dance. We also aim to identify stars with properties consis- 
tent with the thick-disk definitions above. A better under- 
standing of the nature of the overlap of the thick disk with 
the halo will help us improve the kinematic parameters for 
genuine halo stars (uncontaminated by thick-disk stars). 
We do not intend to address directly questions about the 
place of the thick disk in galactic formation and evolution. 
For example, were the thick disk stars formed in a single 
well-defined event, or do the somewhat hotter kinematics of 
the metal-weaker stars of the disk simply result from the 
secular evolution of the disk as a whole? We leave the ques- 
tion of the origin of the thick disk open, and use the term 
thick disk without implying the existence of a cosmogonical- 
ly separate population. 

A powerful way to study the possible overlap between disk 
and halo is to utilize simultaneously both of the kinematical 
differences between the disk and halo: The difference in ga- 
lactocentric rotational velocity and in velocity dispersion. 
This can be done from radial velocities alone by studying the 
velocity distribution at a position in the Galaxy where the 
line-of-sight velocity is dominated by the rotational compo- 
nent. Such a distribution will show the clearest separation 
between disk and halo, and thus display the greatest sensitiv- 
ity to objects with intermediate properties. 

For this work, it is essential to have nonkinematically se- 
lected samples. Since the Sun has a near-circular orbit, sur- 
veys of high proper-motion stars have a “blind spot” with 
respect to other stars with roughly circular orbits; it is very 
difficult to derive an unbiased estimate of how many stars 
have similar motion to the Sun from such surveys. 

So, a study of the transition from disk to halo, using galac- 
tocentric rotation and velocity dispersion as discriminants, 
requires: (a) objects which are selected without kinematic 
bias, and (b) objects which are found in the disk, thick disk, 
and halo: that is, with abundances ranging from mildly to 
extremely metal deficient. 
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We have chosen to study G and K giants, because they can 
be found with a range of [Fe/H] from above solar to very 
metal weak, and we have identified them from an objective 
prism survey. The giants were found in two fields, chosen so 
that the measured radial velocity is dominated by the rota- 
tional component. Their z heights range from 200 pc to 6 
kpc; they are about 8 kpc from the galactic center, and 
roughly 4 kpc away from the Sun. We have determined accu- 
rate abundances and luminosities for these stars using DDO 
photometry, and measured the radial velocity for each star. 
Because this sample of giants is at a similar galactocentric 
radius to the Sun, we have combined it with similar samples 
of stars in the solar neighborhood, thus gaining a sample of 
almost 200 giants. 

From these data, we have estimated the mean rotational 
velocity ( Frot ) and velocity dispersion in the azimuthal di- 
rection ( ) for the disk and halo, and investigated the tran- 
sition in abundance and kinematics between these popula- 
tions. The metal-rich giants ( [Fe/H] >—0.5) have 
kinematic properties consistent with previous measures for 
the old disk. 

We have found stars of lower abundance, whose kinemat- 
ic properties are consistent with membership of the thick 
disk, and whose abundance distribution shows a large over- 
lap with the abundance distribution of the halo, in a region 
extending down to [Fe/H] = — 1.6. We have derived pop- 
ulation parameters (scale height, Krot, and normalization in 
the plane) for the stars in this overlap region. We confirm 
that there are stars with abundances ranging as low as 
[Fe/H] = — 1.6 which form the metal-weak tail of the 
thick disk, as originally suggested by NBP. Two indepen- 
dent kinematically derived estimates of the scale length of 
the thick disk suggest that it is slightly shorter than the scale 
length of the old disk. 

These results lead us to suggest that the conventional 
chemical description of the thick disk be widened to include 
some stars with abundances as low as [Fe/H] = — 1.6. We 
therefore conclude that it is necessary to use both abundance 
and kinematics to define membership of the halo, for stars 
with [Fe/H] > — 1.6 within several kpc of the galactic 
plane, as neither is adequate on its own. We derive improved 
kinematical parameters for the halo, which are more consis- 
tent with other information about its shape. 

In Secs. II, III, and IV we describe selection of candidates, 
observations and thé derivation of abundances, distances, 
and reddenings. In Sec. V we describe our extension of the 
Frenk and White ( 1980) method of measuring Frot to esti- 
mation of velocity dispersion. In Sec. VI our data are pre- 
sented and we conclude that the disk and halo abundance 
distributions overlap but their kinematics are discontinuous. 
Our sample is combined with solar neighborhood giants 
from the literature in Sec. VII. This sample confirms and 
extends our earlier results. In Sec. VIII we compare the kine- 
matics of the metal-weak red giants with kinematics of halo 
objects (the globular clusters and local RR Lyraes), present 
evidence for thick-disk abundances extending as low as 
[ Fe/H ] = —1.6, and discuss the implications of our results 
for definitions of the thick disk, for halo kinematics, and for 
theories of galaxy formation. Our conclusions are in Sec. IX. 

II. SELECTION OF GIANT CANDIDATES 
a) The PHI and 959 Fields 

The G and K giants offer several advantages: they are 
bright and very numerous, their photometric parallaxes can 
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be accurately determined from DDO photometry, their ra- 
dial velocities are easily measured, and they cover the whole 
range in abundance from disk to extreme halo. 

To measure rotation most directly from line-of-sight ve- 
locities, two fields were chosen at / = 300°, b— +30° (the 
PHI field) and at / = 60°, 6 = - 30° (UK Schmidt field 
959). Objects about 4 kpc along these lines of sight are close 
to the “tangent point” where their radial velocities are per- 
pendicular to their galactocentric radius vector and are 
hence dominated by the rotational component of their space 
velocities. We set out to locate late-type giants close to this 
position along the lines of sight. Choosing a target absolute 
magnitude Mv = — 1.0 and the magnitude range V= 10.5 
to 13.5 centered our survey on the tangent point. This mag- 
nitude range optimized the survey for the discovery of halo 
objects. The more metal-strong objects found were on aver- 
age 2 kpc closer than the tangent point. 

We briefly describe here our selection of halo giant candi- 
dates redder than B — V —0.1, and disk giant candidates 
redder than B — V= 1.0 from direct and prism plates. These 
color cutoffs were chosen since the giant branch moves 
blueward for decreasing metallicity. Our luminosity classifi- 
cations come from DDO photometry, which is not calibra- 
ted for metal-weak stars with B — VS 0.7. The disk giant 
color cutoff was chosen to avoid subgiants. Complete details 
are in Flynn and Morrison ( 1990). 

For the PHI field, three objective prism plates with 
matching B and R direct plates were taken with the Uppsala 
Schmidt telescope at Siding Spring Observatory. For the 959 
field, one prism and matching B and R direct plates were 
taken by the staff of the UK Schmidt Telescope Unit. The 
total sky coverage of the two regions was 40.00 sq. Photo- 
graphic B — R colors were obtained from the direct plates 
and the prism images of stars in the appropriate color range 
scanned with the MSO PDS. The prism spectra extended 
from about 3500 Â to the cutoff of the IIIa-J emulsion at 
about 5400 A. For late-type stars this includes Ca II H and 
K, the blue and violet CN bands, the G band, H/?, and 
Mg6 + MgH. A wavelength calibration of the prism disper- 
sion was determined relative to the emulsion cutoff as a ref- 
erence point. 

The strength of the stellar Ca IIH and K lines (measured 
from the PDS scans) as a function oïB — R color was used 
to identify giant candidates more metal weak than 
[Fe/H] ^ — 1. The technique was extended to the discov- 
ery of giants more metal strong than [Fe/H] ^ — 1 and 
with B — F> 1.0 by use of the blue and violet CN bands. The 
MgH feature at 5200 À and the blend of Mg I and Fe I lines 
between 3816 and 3841 A were used to remove the very large 
numbers of foreground dwarfs. Approximately 160 candi- 
date giants were selected from the two regions for photoelec- 
tric and spectroscopic observations. 

b) The Gpec Stars 

The catalog of Stock (1984) lists objective prism radial 
velocities, spectral types and photographic magnitudes from 
mpg ^9.0 to mpg ^ 12.0 in a 3000 sq. area which partially 
overlaps our PHI region. Stock et al. (1984) found from slit 
spectra that stars classified as “Gpec” in the Stock catalog 
were in general “mid G to early K in type and moderately to 
extremely weak in metals.” 

We used these Gpec stars to supplement our survey; 35 
stars which roughly overlapped our survey region were cho- 
sen from Stock (1984). BV photometry was obtained with 
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the Siding Spring 0.6 m telescope and 16 stars redder than 
B — V= 0.10 (the color cutoff of our survey) were placed 
on our list of giant candidates. These stars have been selected 
using the Gpec classification only; the objective-prism radial 
velocities were not used. 

There was effectively no overlap between the Stock survey 
and our PHI fields: the Stock survey (of Gpec stars) covered 
a larger area, but had brighter magnitude limits, than the 
PHI fields. There was a small overlap in magnitude between 
the faint end of the Stock survey and the bright end of the 
PHI survey. None of the giants discovered from the Stock 
survey was both in the magnitude range of the PHI fields and 
in areas covered by the PHI plates. We discovered one metal- 
weak star in the overlap area which was not identified in the 
Stock survey. However, this star is at the faint end of the 
Stock magnitude range {V = 11.9) where Stock does not 
claim completeness over his entire survey area. 

III. OBSERVATIONS 
a) DDO Photometry 

We chose the intermediate band DDO photometric sys- 
tem of McClure ( 1976) in order to remove dwarf stars from 
the sample and to measure accurate abundances and lumi- 
nosities of the giants. 

DDO measurements for all the candidate giants were 
made during the period 1986-1988, using a standard filter 
set and a GaAs photomultiplier mounted on the 2.3 m tele- 
scope at Siding Spring Observatory. On average 18 stars 
were observed each night from the lists of McClure and For- 
rester ( 1981 ) and NBP, in order to transform the observa- 
tions to the standard DDO system. The Spider package 
(written by A. C. Cameron and modified by E. M. Green) 
was used to reduce our photometric data. It allows the simul- 
taneous estimation of instrumental transformations and ex- 
tinction coefficients. Standard errors for a single measure- 
ment, derived from multiple observations of program stars 
in the colors C4548, C4245, C4142, C3842 were 0.009, 
0.013, 0.013, and 0.017, respectively. 

In Table I we show the name, luminosity class (deter- 
mined from DDO photometry as described in Appendix A), 
coordinates, and DDO colors for each star. The number of 
DDO measurements ND is shown in the final column. 

b) Broadband Photometry 

BV photometry was obtained for the giants during 1987 
and 1988 with the 1.0 and 2.3 m telescopes at Siding Spring, 
using a GaAs photomultiplier. Standards were selected from 
the compilation of Cousins standards by Menzies, Banfield, 
and Laing (1980); Landolt (1983), Bessell (1988), and 
Graham (1982). Using stars with multiple observations, we 
derive standard errors for a single measurement of 0.015 in F 
and 0.013 in i? — F. The F and B — V data for the giants are 
shown in columns 2 and 3 of Table II. 

c) Radial Velocities 

Spectra for our giants and several of the dwarfs were ob- 
tained with the Mount Stromlo 1.9 m telescope using the 
Cassegrain spectrograph and the Photon Counting Array 
(Stapinski n/. 1981) during 1986 and 1987. We sampled 
about 400 A around the Mg¿? + MgH feature using a disper- 
sion of 50 Â/mm (35 km s “1 channel ~1 ). Radial-velocity 
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Table I. DDO photometry. 

Name Lum a (1950) 6 C4548 C4245 C4142 C3842 ND 

959 11 2 III 21 23 22.1 +07 18 51 1.278 0.987 0.123 -0.248 1 
959 11 3 III 21 24 17.1 +07 16 23 1.172 0.805 0.061 -0.547 2 
959 11 13 III 21 22 43.8 +07 10 57 1.145 0.757 0.040 -0.613 1 
959 11 36 III 21 21 00.6 +06 55 22 1.193 0.835 0.118 -0.464 1 
959 11 39 III 21 24 01.5 +06 52 48 1.193 0.843 0.098 -0.437 1 
959 11 51 III 21 22 40.3 +06 43 31 1.180 0.822 0.049 -0.535 1 
959 11 58 HI 21 21 30.2 +06 38 54 1.138 0.751 0.024 -0.648 2 
959 11 59 V 21 20 56.5 +06 38 27 1.057 0.744 0.008 -0.657 1 
959 11 78 V 21 22 28.5 +06 28 34 1.008 0.605 0.018 -0.793 1 
959 11 81 III/IV 21 22 54.0 +06 22 14 1.187 0.912 0.128 -0.327 1 
959 11 94 III 21 21 14.2 +06 09 12 1.140 0.702 0.040 -0.664 3 
959 11 118 V 21 22 37.4 +05 50 41 1.041 0.690 0.003 -0.755 1 
959 11 142 m/IV 21 22 11.4 +05 33 12 1.141 0.758 0.057 -0.642 2 
959 11 163 III 21 23 12.9 +05 16 49 1.347 0.987 0.161 -0.086 1 
959 12 24 III/IV 21 28 45.6 +06 59 38 1.159 0.889 0.150 -0.376 1 
959 12 44 III 21 25 26.8 +06 33 23 1.114 0.648 0.032 -0.776 2 
959 12 70 V 21 28 49.6 +06 03 25 1.064 0.801 0.099 -0.508 1 
959 12 116 III/IV 21 25 43.4 +05 31 20 1.198 0.883 0.156 -0.321 2 
959 12 121 V 21 26 05.2 +05 27 13 1.039 0.608 0.055 -0.725 1 
959 12 126 III/IV 21 26 52.2 +05 23 54 1.204 0.898 0.149 -0.356 2 
959 31 13 IV/V 21 22 45.5 +04 54 34 1.089 0.759 0.025 -0.617 2 
959 31 22 V 21 22 32.1 +04 48 31 1.039 0.690 0.013 -0.726 1 
959 31 43 V 21 23 32.7 +04 38 01 1.106 0.966 0.008 -0.452 1 
959 31 52 V 21 24 22.2 +04 33 55 1.069 0.749 0.017 -0.630 1 
959 31 59 III/IV 21 21 59.4 +04 30 26 1.169 0.852 0.149 -0.419 2 
959 31 66 III/IV 21 22 23.6 +04 26 49 1.119 0.778 0.032 -0.605 1 
959 31 77 III/IV 21 23 44.3 +04 17 33 1.200 0.874 0.139 -0.354 1 
959 31 79 IV 21 21 26.9 +04 15 35 1.089 0.768 0.035 -0.582 1 
959 31 87 III 21 21 26.7 +04 10 57 1.129 0.714 0.028 -0.700 1 
959 31 108 III 21 19 58.3 +04 01 23 1.167 0.832 0.056 -0.498 2 
959 31 119 V 21 20 14.7 +03 54 10 1.046 0.686 0.047 -0.653 1 
959 31 129 IV 21 23 24.8 +03 48 16 1.078 0.719 0.001 -0.747 3 
959 31 167 III 21 22 25.5 +03 29 49 1.194 0.737 0.047 -0.659 1 
959 31 170 V 21 21 26.7 +03 27 38 1.062 0.784 -0.018 -0.635 1 
959 31 176 III/IV 21 22 52.8 +03 21 49 1.156 0.819 0.091 -0.514 2 
959 31 190 III/IV 21 23 24.1 +03 14 35 1.341 1.167 0.206 0.066 1 
959 32 12 III/IV 21 25 30.5 +04 53 30 1.204 0.890 0.116 -0.359 1 
959 32 13 IV 21 25 22.7 +04 52 45 1.104 0.767 0.040 -0.583 1 
959 32 20 V 21 27 50.3 +04 48 18 1.030 0.672 0.031 -0.673 1 
959 32 22 III/IV 21 28 20.6 +04 47 35 1.194 0.854 0.143 -0.397 1 
959 32 28 V 21 27 34.0 +04 43 52 1.066 0.726 0.051 -0.586 1 
959 32 32 III/IV 21 27 30.3 +04 41 43 1.208 0.923 0.144 -0.239 1 
959 32 43 III/IV 21 28 13.4 +04 34 58 1.298 1.133 0.268 0.015 2 
959 32 59 III 21 28 03.9 +04 23 04 1.239 0.881 0.118 -0.338 2 
959 32 69 III/IV 21 25 14.6 +04 17 42 1.194 0.925 0.131 -0.315 2 
959 32 77 V 21 24 33.3 +04 08 23 1.035 0.693 -0.006 -0.767 1 
959 32 78 III/IV 21 25 11.5 +04 07 03 1.167 0.874 0.097 -0.371 1 
959 32 87 III 21 26 01.4 +04 00 56 1.328 0.944 0.126 -0.180 1 
959 32 98 III 21 26 15.5 +03 56 04 1.145 0.736 0.015 -0.672 1 
959 32 108 III 21 28 50.0 +03 52 43 1.216 0.819 0.110 -0.374 1 
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Table I. (continued) 

Name 
959 32 132 
959 32 144 
959 32 154 
959 32 156 
959 32 162 
959 32 167 
959 32 168 
959 32 184 
959 32 190 
959 41 39 
959 41 128 
959 41 150 
959 41 175 
959 42 2 
959 42 26 
959 42 49 
959 42 51 
959 42 72 
959 42 74 
959 42 78 
959 42 99 
959 42 121 
959 42 125 
959 42 134 
959 42 158 
959 42 186 
GPEC 106 
GPEC 465 
GPEC 515 
GPEC 1172 
GPEC 1206 
GPEC 1434 
GPEC 1834 
GPEC 1940 
GPEC 2045 
GPEC 2156 
GPEC 2193 
GPEC 2643 
GPEC 2650 
GPEC 2904 
GPEC 3038 
GPEC 3672 
PHI2/1 43 
PHI2/1 49 
PHI2/1 52 
PHI2/1 66 
PHI2/1 69 
PHI2/2 2 
PHI2/2 4 
PHI2/2 6 
PHI2/2 7 

Lum 
Tv 
III/IV 
III/IV 
V 
III/IV 
V 
V 
III 
III/IV 
III/IV 
III/IV 
III/IV 
III/IV 
III 
III/IV 
III/IV 
V 
III 
IV/V 
III/IV 
III 
IV 
III/IV 
III 
IV/V 
III/IV 
III 
III/IV 
III 
III 
III 
III/IV 
III 
IV/V 
III 
III 
V 
III 
III 
III 
III 
III 
III 
III/IV 
III 
III 
III 
III 
III 
V 
III 

a (1950) 6 C4548 C4245 C4142 C3842 Np 
21 25 43.4 
21 27 00.5 
21 25 55.0 
21 26 05.4 
21 23 54.0 
21 27 24.3 
21 25 48.6 
21 24 33.7 
21 25 19.3 
21 10 16.0 
21 10 34.6 
21 11 27.6 
21 14 18.1 
21 18 02.6 
21 18 12.2 
21 18 02.0 
21 19 25.1 
21 18 07.6 
21 18 38.2 
21 19 41.1 
21 16 33.6 
21 17 26.0 
21 17 34.5 
21 15 43.5 
21 17 50.7 
21 17 55.0 
11 52 21.0 
12 05 06.0 
12 06 44.0 
12 30 57.0 
12 31 29.0 
12 35 00.0 
12 41 02.0 
12 42 46.0 
12 44 42.0 
12 46 16.0 
12 46 48.0 
12 59 15.0 
12 59 32.0 
13 07 26.0 
13 10 51.0 
13 26 05.0 
12 26 55.7 
12 25 32.7 
12 25 08.4 
12 23 08.3 
12 22 48.1 
12 22 41.4 
12 22 10.4 
12 22 05.2 
12 21 59.7 

+03 41 30 
+03 32 08 
+03 25 20 
+03 24 46 
+03 32 41 
+03 14 57 
+03 14 49 
+02 57 50 
+02 54 08 
+03 07 36 
+04 13 22 
+04 32 19 
+04 46 55 
+02 35 09 
+02 44 47 
+03 04 16 
+03 04 51 
+03 16 11 
+03 17 19 
+03 19 38 
+03 40 19 
+03 57 07 
+04 00 18 
+04 05 23 
+04 26 21 
+04 49 04 
-26 00 30 
-29 47 39 
-29 15 50 
-34 16 45 
-34 37 10 
-34 46 31 
-32 47 16 
-30 28 21 
-28 06 36 
-34 02 06 
-33 53 09 
-32 53 03 
-34 05 26 
-33 26 39 
-31 39 30 
-31 05 12 
-32 16 33 
-31 26 47 
-31 58 35 
-31 52 34 
-31 23 44 
-31 28 41 
-32 09 48 
-32 20 18 
-31 37 39 

1.126 
1.227 
1.179 
1.062 
1.265 
1.040 
1.009 
1.207 
1.182 
1.188 
1.214 
1.182 
1.207 
1.165 
1.250 
1.179 
1.073 
1.216 
1.076 
1.184 
1.274 
1.133 
1.281 
1.213 
1.068 
1.190 
1.120 
1.117 
1.255 
1.094 
1.187 
1.186 
1.116 
1.062 
1.180 
1.152 
1.127 
1.354 
1.166 
1.255 
1.140 
1.130 
1.179 
1.211 
1.145 
1.131 
1.180 
1.267 
1.242 
1.059 
1.214 

0.753 
0.973 
0.858 
0.747 
1.045 
0.624 
0.581 
0.869 
0.844 
0.860 
0.896 
0.820 
0.882 
0.720 
1.019 
0.848 
0.747 
0.730 
0.657 
0.832 
1.003 
0.868 
1.071 
0.862 
0.686 
0.893 
0.629 
0.808 
0.774 
0.548 
0.617 
0.885 
0.717 
0.661 
0.746 
0.785 
1.181 
0.834 
0.633 
0.732 
0.721 
0.726 
0.733 
0.940 
0.625 
0.695 
0.835 
1.045 
0.936 
0.661 
0.807 

0.063 
0.150 
0.089 

-0.014 
0.308 
0.055 
0.017 
0.140 
0.078 
0.115 
0.167 
0.103 
0.146 
0.028 
0.160 
0.043 
0.088 
0.070 
0.026 
0.115 
0.187 
0.070 
0.275 
0.022 
0.033 
0.095 
0.019 
0.035 
0.094 
0.063 
0.079 
0.145 
0.016 

-0.012 
0.035 
0.092 
0.003 
0.154 
0.070 
0.115 
0.004 
0.034 
0.054 
0.122 
0.064 
0.030 
0.115 
0.294 
0.098 

-0.014 
0.069 

-0.563 
-0.230 
-0.437 
-0.720 
-0.066 
-0.626 
-0.826 
-0.319 
-0.445 
-0.372 
-0.304 
-0.455 
-0.336 
-0.667 
-0.179 
-0.517 
-0.617 
-0.561 
-0.801 
-0.424 
-0.125 
-0.483 

0.016 
-0.570 
-0.693 
-0.419 
-0.925 
-0.543 
-0.486 
-0.822 
-0.735 
-0.388 
-0.693 
-0.852 
-0.675 
-0.523 
-0.364 
-0.307 
-0.714 
-0.482 
-0.755 
-0.630 
-0.629 
-0.355 
-0.803 
-0.680 
-0.396 
-0.096 
-0.325 
-0.825 
-0.502 

1 
1 
2 
1 
1 
1 
1 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
2 
2 
2 
3 
2 
1 
1 
1 
6 
5 
2 
1 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
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1196 MORRISON ETAL : DISK AND HALO 

1 AdLü 1. (continued) 

g (1950) 6 C4548 C4245 C4142 C3842 Np Name Lum 
12 21 36.7 
12 21 32.8 
12 33 30.4 
12 33 13.8 
12 32 20.6 
12 32 02.6 
12 30 52.9 
12 29 55.0 
12 29 28.6 
12 27 30.8 
12 29 19.0 
12 27 19.3 
12 27 12.0 
12 25 02.4 
12 25 03.7 
12 26 37.0 
12 24 33.9 
12 25 32.0 
12 23 20.1 
12 22 40.2 
12 22 05.1 
12 21 26.0 
12 49 43.7 
12 49 34.8 
12 49 05.4 
12 49 01.0 
12 48 12.4 
12 46 45.6 
12 46 43.0 
12 46 42.8 
12 46 38.1 
12 46 25.0 
12 46 13.5 
12 44 36.4 
12 44 22.0 
12 42 30.9 
12 41 56.1 
12 41 39.2 
12 41 27.5 
12 41 23.0 
12 41 31.0 
12 41 14.8 
12 41 15.0 
12 40 27.0 
12 36 45.2 
12 36 42.3 
12 48 11.2 
12 35 49.3 
12 35 45.4 
12 35 39.7 
12 34 56.1 

PHI2/2 8 
PHI2/2 10 
PHI2/2 19 
PHI2/2 23 
PHI2/2 31 
PHI2/2 33 
PHI2/2 40 
PHI2/2 46 
PHI2/2 49 
PHI2/2 69 
PHI2/2 71 
PHI2/2 73 
PHI2/2 74 
PHI2/2 97 
PHI2/2 98 
PHI2/2 100 
PHI2/2 102 
PHI2/2 111 
PHI2/2 113 
PHI2/2 121 
PHI2/2 127 
PHI2/2 132 
PHI4/1 6 
PHI4/1 7 
PHI4/1 19 
PHI4/1 21 
PHI4/1 33 
PHI4/1 58 
PHI4/1 60 
PHI4/1 62 
PHI4/1 63 
PHI4/1 65 
PHI4/1 67 
PHI4/1 99 
PHI4/1 106 
PHI4/1 153 
PHI4/1 164 
PHI4/1 167 
PHI4/1 170 
PHI4/1 176 
PHI4/1 177 
PHI4/1 178 
PHI4/1 180 
PHI4/2 1 
PHI4/2 15 
PHI4/2 20 
PHI4/2 33 
PHI4/2 34 
PHI4/2 35 
PHI4/2 37 
PHI4/2 47 

III/IV 
III/IV 
III/IV 
III 
III/IV 
III/IV 
III 
III 
III 
IV 
III/IV 
IV 
III/IV 
III 
V 
III 
V 
III/IV 
IV/V 
III/IV 
V 
V 
V 
III 
III/IV 
III 
V 
V 
IV/V 
III 
III 
III 
V 
III 
V 
V 
IV: 
III 
III 
III 
V 
III/IV 
V 
V 
III/IV 
III/IV 
III/IV 
III 
III 
V 
V 

-31 32 
-32 05 
-30 46 
-30 51 
-31 09 
-30 44 
-30 41 
-31 15 
-30 00 
-30 33 
-30 31 
-30 59 
-30 23 
-30 48 
-31 05 
-30 34 
-30 22 
-30 34 
-31 04 
-31 19 
-30 43 
-30 08 
-30 25 
-29 45 
-30 43 
-30 29 
-30 55 
-30 32 
-30 45 
-30 57 
-30 41 
-30 58 
-30 14 
-30 25 
-31 02 
-30 47 
-31 02 
-29 38 
-29 45 
-30 21 
-31 03 
-29 38 
-30 40 
-29 45 
-29 38 
-30 23 
-30 55 
-29 36 
-29 43 
-30 26 
-30 43 

55 
50 
45 
30 
20 
28 
21 
54 
02 
05 
45 
00 
41 
22 
30 
46 
06 
00 
44 
59 
47 
33 
15 
37 
05 
42 
27 
36 
19 
38 
46 
07 
46 
11 
08 
33 
50 
55 
23 
55 
28 
09 
14 
53 
42 
27 
18 
37 
40 
40 
49 

1.200 
1.223 
1.182 
1.182 
1.222 
1.191 
1.178 
1.400 
1.208 
1.138 
1.186 
1.138 
1.202 
1.163 
1.059 
1.172 
1.043 
1.096 
1.075 
1.102 
1.054 
1.052 
1.058 
1.342 
1.156 
1.132 
1.134 
0.992 
1.077 
1.194 
1.155 
1.109 
1.032 
1.311 
1.008 
1.023 
1.110 
1.259 
1.225 
1.164 
1.006 
1.152 
1.105 
1.078 
1.181 
1.142 
1.151 
1.147 
1.142 
1.088 
1.023 

0.913 
0.951 
0.861 
0.630 
0.959 
0.876 
0.838 
1.007 
0.864 
0.879 
0.872 
0.912 
0.869 
0.733 
0.797 
0.809 
0.662 
0.752 
0.758 
0.799 
0.599 
0.652 
0.717 
1.007 
0.834 
0.672 
0.924 
0.596 
0.738 
0.844 
0.738 
0.732 
0.629 
0.805 
0.597 
0.629 
0.747 
0.803 
0.813 
0.787 
0.544 
0.792 
0.817 
0.791 
0.859 
0.809 
0.906 
0.792 
0.720 
0.854 
0.675 

0.108 
0.178 
0.124 
0.083 
0.106 
0.129 
0.072 
0.154 
0.060 
0.128 
0.128 
0.110 
0.144 
0.079 
0.037 
0.064 
0.018 
0.063 
0.019 
0.028 

-0.003 
0.041 
0.024 
0.166 
0.073 
0.031 
0.093 
0.015 
0.000 
0.056 
0.055 

-0.001 
0.029 
0.134 
0.007 

-0.016 
-0.019 

0.056 
0.063 
0.025 
0.042 
0.044 
0.005 
0.049 
0.102 
0.095 
0.106 
0.029 
0.041 
0.056 

-0.016 

-0.407 
-0.234 
-0.402 
-0.733 
-0.251 
-0.383 
-0.464 
-0.023 
-0.483 
-0.411 
-0.396 
-0.370 
-0.391 
-0.529 
-0.624 
-0.546 
-0.699 
-0.636 
-0.618 
-0.563 
-0.863 
-0.699 
-0.670 
-0.103 
-0.503 
-0.814 
-0.378 
-0.856 
-0.726 
-0.457 
-0.593 
-0.745 
-0.738 
-0.390 
-0.827 
-0.822 
-0.661 
-0.460 
-0.479 
-0.595 
-0.789 
-0.553 
-0.573 
-0.575 
-0.375 
-0.512 
-0.350 
-0.649 
-0.662 
-0.485 
-0.780 

2 
1 
1 
1 
1 
1 
3 
2 
1 
1 
1 
1 
2 
1 
1 
3 
1 
2 
1 
1 
1 
1 
1 
2 
3 
1 
1 
1 
1 
1 
6 
1 
1 
3 
1 
1 
1 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
2 
2 
1 
1 
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1197 MORRISON ETAL. : DISK AND HALO 1197 

Table I. (continued) 

Name Lum a (1950) 8 C4548 C4245 C4142 C3842 ND 

PHI4/2 68 
PHI4/2 73 
PHI4/2 89 
PHI4/2 105 
PHI4/2 121 
PHI4/3 1 
PHI4/3 4 
PHI4/3 13 
PHI4/3 15 
PHI4/3 18 
PHI4/3 20 
PHI4/3 21 
PHI4/3 23 
PHI4/3 53 
PHI4/3 58 
PHI4/3 86 
PHI4/3 89 

III 
III 
V 
III/IV 
III 
III 
III 
III/IV 
III/IV 
V 
III/IV 
IV/V 
III/IV 
III/IV 
III 
V 
IV/V 

12 48 04.4 
12 47 37.2 
12 46 12.5 
12 45 21.0 
12 44 18.0 
12 40 40.7 
12 40 34.1 
12 39 32.7 
12 39 31.0 
12 39 18.6 
12 39 04.3 
12 39 08.1 
12 38 54.7 
12 37 05.0 
12 36 48.5 
12 34 23.1 
12 34 09.0 

-28 10 
-28 29 
-28 02 
-28 32 
-29 12 
-28 10 
-28 39 
-28 14 
-28 13 
-28 36 
-28 04 
-29 27 
-28 37 
-28 36 
-29 20 
-28 17 
-28 08 

36 
32 
11 
39 
19 
54 
59 
45 
30 
46 
55 
41 
16 
29 
45 
32 
39 

1.237 
1.136 
1.076 
1.108 
1.271 
1.238 
1.165 
1.128 
1.175 
1.058 
1.112 
1.074 
1.142 
1.186 
1.242 
1.035 
1.049 

0.718 
0.656 
0.810 
0.776 
1.023 
0.795 
0.799 
0.770 
0.872 
0.741 
0.784 
0.728 
0.867 
0.899 
0.959 
0.701 
0.683 

0.081 
0.028 
0.106 
0.002 
0.153 
0.063 
0.046 
0.046 
0.035 

-0.021 
-0.011 
0.090 
0.107 
0.234 
0.139 

-0.005 
0.019 

-0.552 
-0.771 
-0.456 
-0.648 
-0.157 
-0.508 
-0.538 
-0.636 
-0.468 
-0.759 
-0.679 
-0.561 
-0.404 
-0.277 
-0.295 
-0.773 
-0.700 

standards with a range in abundance and color were selected 
from the giant branches* of M67 ( [Fe/H] = —0.1) and co 
Cen ([Fe/H] = — 1.6), with other observations made of 
NGC 3201 ([Fe/H] =-1.6), NGC 6397 
([Fe/H] = — 1.8), and several bright solar abundance 
I AU standards as checks. In addition, a program star was 
selected as a local standard and observed on average twice 
per night. Arc spectra were taken before and after each expo- 
sure and used to rebin the spectra on to a log wavelength 
scale. Two templates with good S/N were prepared by shift- 
ing and adding all the rebinned M67 and co Cen exposures. 
Radial velocities were obtained from the rebinned spectra 
using cross correlation techniques (with Fourier filtering) 
against these templates. 

Most program stars were measured twice or more, from 
which we derive a standard error of 10 km s “ 1 for a single 
measurement. In addition, we obtained good agreement 
( ^ 10 km s ~1 ) between our velocities for NGC 3201 and 
NGC 6397 and those in Webbink (1981), and Zinn and 
West (1984). To check the zero point of our velocities, J. 
Sommer-Larsen kindly obtained for us a coudé spectrum of 
our local standard at a resolution of 6 km s ~1 channel “1 

with the 1.9 m telescope. The random error on the coudé 
velocity was 2 km s - 1. Our mean Cassegrain velocities and 
the coudé velocity agreed to 3 km s ~1. 

Heliocentric radial velocities (in km s'1 ) for the giants 
and the number of measurements Nrv are shown in columns 
5 and 6 of Table II; radial velocities for ten dwarfs are shown 
in Table III. 

IV. DERIVED QUANTITIES 
Abundance, distance and reddening estimates have been 

derived from the DDO and BVphotometry. A detailed de- 
scription of our methodology is given in Appendix A. 

a) Abundance Measurement 

DDO photometry gives a system for measuring abun- 
dance which has been calibrated against both the globular 

♦Abundances quoted here are from Taylor ( 1982) for M67 and Zinn and 
West ( 1984) for the other clusters. 

clusters, and field stars with fine analysis measures of 
[Fe/H], and which is applicable for [Fe/H] values from 
solar to — 2.3. We estimate our error on a single [Fe/H] 
value to be 0.25 dex (see Appendix A for justification of this 
estimate). Table II gives the [Fe/H] values (from DDO 
photometry) for all the giants in our survey. 

An independent check of our DDO [Fe/H] values was 
provided by observations of eight stars from the 959 field, 
using the Anglo-Australian telescope with the IPCS/RGO 
spectrograph combination and a resolution of 2.5 A. Values 
of the Ca n H and K index A(Ca) were calculated from the 
spectra, and [Fe/H] values derived using the calibration of 
Flynn and Morrison (1990). Table IV gives ^(Ca) values 
and [Fe/H] values derived from zi(Ca) for these stars: the 
mean difference between [Fe/H] from DDO and A(Ca) 
was 0.06, with a standard deviation (s.d.) of 0.33, which 
shows good agreement between the results of two indepen- 
dent methods. 

b) Reddening 

There were 17 stars in each field which were metal-strong 
enough to be suitable for use with the Janes ( 1977) redden- 
ing technique. In the PHI field the mean reddening was 
E(i? — V) — 0.021, with a s.d. of 0.030 for the 17 stars: this 
would have made a negligible difference to the DDO colors 
and derived quantities, and so the reddening was assumed to 
be zero. However, in the 959 field, the mean reddening was 
E(i? — F) = 0.047 (s.d. 0.041). Before we estimated 
[Fe/H], My and luminosity class for the 959 stars, the 
DDO colors were de-reddened using the color excess ratios 
of McClure (1979). 

cj Distances and Luminosities 

Appendix A describes the calculation of absolute magni- 
tude for the giants. The V magnitudes (dereddened for the 
959 field) were then used to calculate distance. Errors on 
distance were estimated by propagating our DDO and BV 
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1198 MORRISON ETAL. : DISK AND HALO 

Table II. The giants. 

Name 
959 11 2 
959 11 3 
959 11 13 
959 11 36 
959 11 39 
959 11 51 
959 11 58 
959 11 81 
959 11 94 
959 11 142 
959 11 163 
959 12 44 
959 12 116 
959 12 126 
959 31 59 
959 31 77 
959 31 87 
959 31 108 
959 31 167 
959 31 176 
959 31 190 
959 32 12 
959 32 22 
959 32 32 
959 32 43 
959 32 59 
959 32 69 
959 32 78 
959 32 87 
959 32 98 
959 32 108 
959 32 144 
959 32 154 
959 32 162 
959 32 184 
959 32 190 
959 41 39 
959 41 128 
959 41 150 
959 41 175 
959 42 2 
959 42 26 
959 42 49 
959 42 72 
959 42 78 
959 42 99 
959 42 125 
959 42 134 
959 42 186 

V 
12.45 
11.52 
12.78 
11.84 
10.82 
11.47 
11.92 
11.54 
11.24 
12.11 
12.31 
12.68 
12.14 
12.06 
11.15 
11.78 
12.80 
12.83 
11.08 
12.66 
12.41 
12.75 
12.76 
13.08 
12.83 
12.69 
12.51 
11.76 
11.38 
12.17 
13.27 
12.66 
13.18 
11.71 
12.98 
13.18 
11.17 
12.09 
11.01 
10.83 
12.46 
11.59 
11.16 
12.42 
12.44 
11.69 
11.41 
12.01 
11.12 

B-V 
1.22 
0.95 
0.91 
0.99 
1.02 
0.98 
0.88 
1.05 
0.85 
0.91 
1.37 
0.79 
1.07 
1.07 
1.02 
1.05 
0.85 
0.99 
1.00 
0.97 
1.43 
1.06 
1.02 
1.15 
1.37 
1.09 
1.08 
1.00 
1.33 
0.87 
1.04 
1.14 
1.01 
1.23 
1.04 
1.01 
1.03 
1.10 
1.01 
1.09 
0.92 
1.22 
1.00 
1.02 
1.01 
1.24 
1.30 
1.07 
1.06 

Nbv 
4 
3 
3 
2 
2 
2 
5 
2 
2 
3 
4 
1 
1 
1 
2 
2 
3 
2 
2 
1 
1 
1 
2 
2 
2 
2 
2 
6 
7 
3 
3 
1 
2 
2 
1 
2 
2 
2 
3 
2 
1 
2 
2 
1 
2 
2 
2 
4 
2 

RV 
79 

-58 

-5 
-9 
-1 
-3 

-28 
-74 
-62 

-211 
-51 

47 
5 
4 

-98 
5 

-11 
-25 

37 
-1 

-42 
-29 
-58 
-12 
-72 
-46 
-49 

-315 
-35 
-13 
-68 
-15 

-72 
-19 

16 
-59 

32 
-2 

-140 
-17 

-134 
-13 

38 
-1 
-1 

-165 
-74 

Nrv 
1 
1 

2 
19 

1 
6 
2 
1 
4 
3 
3 
2 
2 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
4 
2 
2 
2 
3 

2 
2 
2 
2 
2 
3 
1 
3 
1 
2 
3 
3 
2 
3 
1 

[Fe/H] 
-0.88 
-0.83 
-0.81 
-0.71 
-0.66 
-0.95 
-0.84 
-0.40 
-1.29 
-0.79 
-1.06 
-1.54 
-0.39 
-0.46 
-0.24 
-0.49 
-1.22 
-0.65 
-1.76 
-0.43 
-0.69 
-0.61 
-0.45 
-0.49 
-0.28 
-0.89 
-0.45 
-0.42 
-1.20 
-1.26 
-0.91 
-0.55 
-0.57 
-0.02 
-0.55 
-0.66 
-0.52 
-0.46 
-0.58 
-0.51 
-1.53 
-0.62 
-0.79 
-1.72 
-0.52 
-0.65 
-0.23 
-1.32 
-0.59 

Mv 

0.32 
1.54 
2.03 
1.25 
1.33 
1.38 
2.32 
2.70 
1.46 
2.11 

-0.99 
1.55 
1.57 
1.68 
2.18 
1.40 
1.60 
2.04 

-0.90 
2.44 
0.27 
1.39 
1.21 
2.06 
1.52 
0.05 
2.62 
2.78 

-1.13 
1.45 

-0.17 
2.19 
2.09 
1.32 
0.98 
1.65 
1.65 
1.19 
1.35 
1.23 
0.07 
1.17 
1.70 

-0.96 
1.39 
0.62 
1.24 

-0.45 
2.28 

D 
2500 

930 
1300 
1200 
740 
980 
790 
550 
850 
940 

4300 
1600 
1100 
1100 
580 

1100 
1600 
1300 
2300 
1000 
2500 
1800 
1900 
1500 
1700 
3200 

890 
590 

3000 
1300 
4600 
1200 
1500 
1100 
2400 
1900 
750 

1400 
800 
780 

2800 
1100 
730 

4500 
1500 
1500 
1000 
2900 

550 

1198 
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Table II. (continued) 

Name 
GPEC 106 
GPEC 465 
GPEC 515 
GPEC 1172 
GPEC 1206 
GPEC 1434 
GPEC 1834 
GPEC 2045 
GPEC 2156 
GPEC 2643 
GPEC 2650 
GPEC 2904 
GPEC 3038 
GPEC 3672 
PHI2/1 43 
PHI2/1 49 
PHI2/1 52 
PHI2/1 66 
PHI2/1 69 
PHI2/2 2 
PHI2/2 4 
PHI2/2 7 
PHI2/2 8 
PHI2/2 10 
PHI2/2 19 
PHI2/2 23 
PHI2/2 31 
PHI2/2 33 
PHI2/2 40 
PHI2/2 46 
PHI2/2 49 
PHI2/2 71 
PHI2/2 97 
PHI2/2 100 
PHI2/2 111 
PHI2/2 121 
PHI4/1 7 
PHI4/1 19 
PHI4/1 21 
PHI4/1 62 
PHI4/1 63 
PHI4/1 65 
PHI4/1 99 
PHI4/1 167 
PHI4/1 170 
PHI4/1 176 
PHI4/1 178 
PHI4/2 15 
PHI4/2 20 
PHI4/2 33 

V B-V 
11.08 0.79 
11.01 0.89 
10.56 1.11 
11.58 0.72 
11.99 0.91 
11.46 1.04 
11.78 0.85 
10.79 0.96 
11.18 0.95 
10.40 1.34 
11.02 0.87 
10.91 1.11 
11.31 0.91 
11.21 0.87 
12.61 0.98 
12.59 1.07 
13.06 0.87 
13.32 0.83 
13.21 1.02 
12.13 1.23 
13.37 1.14 
13.37 1.02 
13.43 1.08 
11.62 1.13 
12.11 1.00 
12.75 1.19 
12.91 1.14 
12.60 1.02 
12.75 1.00 
12.72 1.48 
12.03 1.03 
12.56 1.03 
12.95 0.93 
12.59 0.96 
12.31 0.86 
12.51 0.87 
11.91 1.36 
12.47 0.96 
12.80 0.83 
13.08 0.99 
13.39 0.90 
13.27 0.77 
13.22 1.22 
13.30 1.09 
12.36 1.06 
13.52 0.87 
12.72 0.95 
13.20 1.03 
13.63 0.95 
12.49 1.00 

Nbv RV 
2 160 
1 -18 
2 145 
2 149 
2 104 
2 -26 
2 74 
2 247 
2 21 

11 421 
16 59 

2 48 
2 290 
2 -57 
3 245 
1 -3 
2 227 
3 -6 
2 46 
1 -1 
2 8 
2 105 
2 -26 
1 -44 
2 -13 
2 322 
2 16 
2 18 
3 28 
3 296 
3 137 
1 -5 
3 12 
3 
3 17 
1 -32 
2 25 
2 -26 
1 202 
3 27 
2 
1 93 
3 183 
2 205 
3 168 
1 
3 231 
2 -19 
1 -33 
1 

Nrv [Fe/H] 
1 -2.21 
2 -0.48 
2 -1.83 
2 -1.87 
2 -2.35 
2 -0.44 
2 -1.10 
3 -1.71 
3 -0.53 
4 -2.09 
6 -2.03 
1 -1.93 
2 -1.61 
3 -1.02 
1 -1.60 
1 -0.68 
1 -2.11 
1 -1.35 
1 -0.58 
1 -0.15 
1 -0.83 
1 -1.37 
1 -0.69 
1 -0.50 
2 -0.52 
2 -2.26 
2 -0.57 
1 -0.55 
1 -0.75 
1 -1.34 
1 -1.09 
1 -0.52 
2 -1.10 

... -0.90 
1 -0.09 
1 -0.41 
1 -1.08 
2 -0.58 
1 -1.86 
2 -0.91 

... -1.17 
1 -1.14 
1 -2.01 
1 -1.71 
2 -1.41 

... -1.16 
1 -0.79 
1 -0.62 
2 -0.40 

... -0.30 

Mv D 
-0.29 1900 

3.12 380 
-1.68 2800 

1.05 1300 
-1.25 4400 

1.45 1000 
1.48 1100 

-0.86 2100 
0.99 1100 

-2.48 3800 
-0.67 2200 
-1.75 3400 
-0.38 2200 

1.46 890 
-0.87 5000 

1.17 1900 
-0.74 5800 

1.00 2900 
0.64 3200 
0.87 1800 
0.26 4200 

-0.57 6100 
1.14 2900 
1.36 1100 
1.13 1600 

-2.31 10000 
1.75 1700 
1.15 1900 
0.96 2300 

-1.93 8500 
-0.02 2600 

1.21 1900 
0.67 2900 
0.82 2300 
2.76 820 
3.48 640 

-1.11 4000 
1.80 1400 

-0.10 3800 
0.50 3300 
0.76 3400 
2.48 1400 

-2.15 12000 
-1.48 9100 
-0.84 4300 

1.13 3000 
1.35 1900 
1.11 2600 
1.96 2200 
3.27 700 
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Table II. (continued) 

Name 
PHI4/2 34 
PHI4/2 35 
PHI4/2 68 
PHI4/2 73 
PHI4/2 105 
PHI4/2 121 
PHI4/3 1 
PHI4/3 4 
PHI4/3 13 
PHI4/3 15 
PHI4/3 20 
PHI4/3 23 
PHI4/3 53 
PHI4/3 58 

V B-V 
13.56 0.93 
13.48 0.87 
12.46 1.05 
12.61 0.81 
13.61 0.86 
12.18 1.27 
12.74 1.11 
11.63 0.93 
13.00 0.89 
13.53 0.94 
13.34 0.86 
11.76 0.98 
13.47 1.05 
13.42 1.15 

NBv RV 
2 -35 
3 
3 57 
3 121 
1 -8 
3 86 
3 215 
2 15 
2 53 
1 14 
2 -27 
1 -2 
1 
2 72 

Nrv [Fe/H] 
1 -0.93 

... -1.34 
1 -2.01 
1 -1.82 
2 -0.61 
1 -0.66 
2 -1.67 
3 -0.95 
2 -0.72 
1 -0.74 
2 -0.68 
2 -0.27 

... -0.02 
1 -0.78 

Mv D 
1.40 2700 
0.66 3700 

-1.62 6600 
0.14 3100 
2.85 1400 
0.45 2200 

-1.51 7100 
0.98 1300 
2.00 1900 
1.70 2300 
2.80 1300 
2.80 620 
1.44 2600 
0.49 3900 

Columns as follows: (1) star name; (2,3) photoelectric V and B-V (no 
reddening correction applied); (4) Nbv, the number of BV observations; 
(5) RV, the heliocentric radial velocity in kms-1; (6) Nrv, the number 
of radial velocity observations; (7,8,9) metallicity, absolute magnitude and 
distance (in parsecs). 

photometric errors, and errors in [ Fe/H ] through the calcu- 
lation of absolute magnitude. The average distance error was 
23%, most were between 15% and 30%. Values of Mv and 
distance for each giant are given in Table II. 

d) The Selection of Metal-Strong Giants Using the CNBands 

We note here an unavoidable selection effect for our met- 
al-strong giants, with abundances in the range 
0.0 < [Fe/H] < — 1.0. As described in Flynn and Morrison 
(1990), these giants were found by looking for stars with 
B — F> 1.0 and with weakened CN bands. The bands are 
affected by metallicity, temperature, and intrinsic luminosi- 
ty, in the sense that the more luminous and/or redder giants 
have stronger bands. Hence, our technique tended to locate 
bluer, 
less luminous giants, as well as those poorer in metals. Our 
metal-strong giants are not as a consequence centered on the 
tangent point, but are approximately 2 kpc closer. A redder 
color cutoff would have compensated for this effect. 

Table III. The dwarfs. 

V. ESTIMATION OF ROTATIONAL KINEMATICS 

For consistency with the analysis of Frenk and White 
( 1980), we adopt the standard spherical coordinate system 
(r, (¡>,6), with r directed radially outward from the center of 
the Galaxy, (f) in the direction of galactic rotation, and 6 
measured from the Galaxy’s north pole. Since most of the 
sample is at relatively low z height and at a similar galacto- 
centric distance as the Sun, the choice of coordinate system 
is not critical. We seek estimates of the mean rotational ve- 
locity Vroi and the velocity dispersion component . 

A pitfall of the standard techniques used to estimate these 
quantities is that they can be greatly affected by even small 
numbers of stars with extreme velocities. This is particularly 
relevant to the galactic halo, where recent work by Norris 
and Ryan (1989) has highlighted the existence of a small 
population of stars with extreme retrograde velocities. These 
stars will contribute far more than they should to the values 
of mean motion and velocity dispersion, unless special pre- 
cautions are taken. Eddington (1914) was aware of this 
problem in estimation of velocity dispersion: “...squaring the 

Name 

959 12 121 
959 31 119 
PHI2/2 127 
PHI2/2 132 
PHI4/1 58 
PHI4/1 67 
PHI4/1 106 
PHI4/1 153 
PHI4/1 177 
PHI4/3 86 
a Radial velocity in km s 1 
b Number of observations. 

RV* 

4 
0 

34 
4 

-5 
49 

8 
62 

- 14 
-21 

No 
Table IV. ^(Ca) (and [Fe/H] derived from y4(Ca)) for stars in 959 field. 

Name -4(Ca) [Fe/HL.c, [Fe/H] L 

959 11 2 
959 11 58 
959 11 163 
959 12 44 
959 31 87 
959 32 59 
959 32 108 
959 42 134 

0.44 
0.37 
0.51 
0.34 
0.31 
0.43 
0.43 
0.39 

- 1.27 
- 1.14 
-0.69 
- 1.16 
- 1.66 
-0.98 
-0.81 
- 1.50 

-0.88 
-0.84 

1.06 
- 1.54 
- 1.22 
-0.89 
-0.91 
- 1.32 
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velocities exaggerates the effect of a few exceptional veloc- 
ities.” Recent statistical work on robust estimation provides 
simple techniques for dealing with outliers. We discuss the 
techniques in detail in Appendix B, and here note only that 
we use trimmed estimators, which order the data and re- 
move the lowest and highest 5%, before calculating the kine- 
matical quantities of interest. ( Compensation is made for the 
trimming where necessary in order to produce unbiased esti- 
mates. ) We thus sacrifice a small amount of our data, but 
safeguard against producing results that are severely biased 
by a few unusual stars. 

a) Geometry 

For completeness, we include the formulas that describe 
the three-dimensional geometry of the situation. Derivations 
can be found in Frenk and White (1980) and Woolley 
( 1978 ). Assume that the star has galactic longitude and lati- 
tude (/,&) and is at a distance of R kpc from the Sun. We 
convert its line-of-sight velocity to , the velocity as seen 
by an observer at rest with respect to the galactic center, by 
correcting for the Sun’s motion with respect to the local stan- 
dard of rest (LSR), and the circular velocity of the LSR 
around the galactic center. FLSR is assumed to be 220 
km s ~ 1 ; we assume that the Sun moves with a velocity of 
15.4 km s” 1 towards /= 51°, Z? = 23° (Delhaye 1965), and 
let Vcorr be the velocity corrected for the solar motion. 

Then Fgal can be written: 

^gal = Pcorr + AsR C°S 6 SÍll /. ( 1 ) 
Expressing this velocity in spherical polar coordinates: 
V^=aVr+ßVt+yVe. (2) 

To obtain explicit expressions for a, ß, and y, we assume the 
distance from the Sun to the galactic center (R0 ) is 8.5 kpc, 
and use the quantities r (the distance from the star to the 
galactic center), and u (the projection of this distance on the 
galactic plane): 

r1 = Rq + R2 — 2RRq cos b cos /, ( 3 ) 

u^R^+R 2 cos2 b — 2RR& cos b cos /, (4) 

a = ( l/r) (R — Rq cos 6 cos/), (5) 

ß = (\/u) (Rq cos b sin /), (6) 

7 = (sin 6/wr) (RR0 cos 6 cos / — R 0 ). (7) 

^ißi ^gau (8) 

c) Estimation of G(t> 

The estimation of Frot is made simpler by the fact that we 
assume the mean r and 0 motions in the Galaxy to be zero 
(no net expansion or contraction, or mean z motion). This 
means that /ß will give an unbiased estimate of for a 
single star. However, since the mean values ( F2 ) and (Vj) 
are nonzero, the velocity dispersion of the observed veloc- 
ities will not give an unbiased estimate of but will be 
larger due to contributions from ar and <j0 . We need to cor- 
rect for this bias. We have assumed values for <jr and ae 
which have been constrained by other kinematical research 
and we will examine the effect of changing these values in the 
next section. 

The velocity ellipsoid has been assumed to be constant and 
aligned along the spherical coordinate system at all points in 
the Galaxy. 

Since the stars in our sample are not all optimally placed at 
the tangent points, we follow Frenk and White’s procedure 
of weighting the data values by the projection factor asso- 
ciated with [ß in Eq. (2) ] in our calculation of velocity 
dispersion. Once again, empirical checks using Monte Carlo 
simulations confirmed that this choice of weighting factor 
produced the best estimates. 

To estimate <7$, we calculate the same quantity ßt Fgal, for 
each star, order and remove the lowest and highest 5%, and 
then calculate the velocity dispersion of these weighted 
quantities: 

r I (ß, A.1, - -^^Y, 
«.rim - 1 . \ «.rim / 

(9) 

where the subscript i ranges over all observations which have 
not been trimmed, and «trim is the number of observations 
after trimming. 

It can be shown that, if n is the total number of observa- 
tions before trimming, the expected value of ^ is 

EY„2 x J =of + 0^ 
Iß* 

n 

mf, [ 

n (n-\) 
(2/??)2j 

GO) 

b) Estimation of Vrot 

We extend Frenk and White’s (1980) estimation of Frot 
by trimming outliers, and then calculating Frot using their 
method. The quantity /?Fgal is calculated for each star. Note 
that multiplying by/? gives highest weight to the stars whose 
line-of-sight velocity contains mostly . Frenk and White 
comment that in the simplest case where the residual veloc- 
ity distribution (after removal of terms involving systemic 
rotation and expansion) is independent of position in the 
Galaxy, this is a minimum variance estimate; we also 
checked this empirically using Monte Carlo simulations 
with various choices of weighting factor. Estimates using ß 
had the lowest error. The ß{ ^aU are then ordered, and the 
lowest and highest 5% are removed. The estimate of Frot 
( Frot ) is calculated using the following formula ( with the 
subscript i ranging over all values which have not been 
trimmed): 

where the index i now ranges over the whole sample, not just 
the trimmed sample, and az is the total number of observa- 
tions before trimming. If Frot is the estimate obtained pre- 
viously, and values of ar and ae are assumed, then (<3^ ), is 
given by 

r 
^ ga\,w 

j 2^/r- 2/r-r? crr 
n n 

(ko,)2/AQ4 ai?)2 

(«- 1)V ' ' n 
(ID 

We have checked that this procedure does in fact produce 
unbiased estimates of cr¿ using Monte Carlo simulations. 
These simulations assigned a random velocity to “stars” at 
the position and distance of each star in the sample, thus 
simulating the real data closely. The chosen weighting 
scheme ensures that efficient use is made of the available 
observations. 
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[Fe/H] 

Fig. 1. The abundance distribution for our sample of giants. Note that 
the sample is not representative of the true abundance distribution, 
since our technique was biased toward the discovery of metal-weak 
objects. 

d) Estimation of Errors 

We also used Monte Carlo simulations to produce error 
estimates for Vrot and cr¿, as it is difficult to work out errors 
analytically in the case of . The procedure is as follows: the 
estimates Frot and a^ are calculated. A sample is simulated 
by taking the positions on the sky (lJo) of the stars in the 
sample, and randomly assigning values of Vr,Ve, and to 
each “star” from Gaussian distributions with 
(Vr) = (Vff)=0, 

(^) = Ko„ 
ar, ae as assumed in the calculation of cr^, 

0$ = ¿V 
The star’s original distance has a random number added to it 
to simulate a 23% distance error. Values of ay ß, and y are 
calculated, using the randomized distance, and then is 
calculated. has a random number added to it to simulate 
a measuring error of 10 km s ~ 1 on the radial velocity. 

This simulated sample is used to work out estimates of 
Frot and . The process is repeated 200 times, and the s.d.’s 
of the simulated Frot and distributions give error esti- 
mates for Frot and <7^. We find that our estimates of error for 
Vrot are within 1-2 km s_ 1 of the error estimates obtained 
using the Frenk and White formalism. 

e) A Check Using Nearby Dwarfs 

We have calculated Frot and for the dwarfs in the sam- 
ple with radial velocities (Table III). [Their distances were 
calculated from photographic magnitudes and by trans- 
forming DDO C4245 colors toB — Vand then determining 
their absolute magnitudes Mv from the disk main sequence 
of Bahcall ( 1986). ] For 10 dwarfs with mean distance of 400 
pc (z = 200 pc), Frot=216+13 kms-1. Assuming 
ar = 40 km s ~ 1 and <j0 — 20 km s ~ 1 gives = 29 + 13 
km s “ 1. These values are consistent with previous determi- 
nations for disk dwarfs [see, e.g., Fuchs and Wielen 
(1987)]. 

VI. THE KINEMATICS OF OUR SAMPLE 

The [Fe/H] distribution for the giants from our sample is 
shown in Fig. 1. Two components can be seen: one with a 

small spread in [Fe/H] which peaks at [Fe/H] = — 0.5, 
and one with a large spread in [Fe/H], centered on 
[Fe/H] — — 1.7. If abundance were a sufficient criterion to 
classify stars as belonging to the disk, thick disk, or halo, we 
might expect the peak at [Fe/H] = — 1.7 to correspond to 
the halo, and the peak at [Fe/H] = — 0.5 to the thick disk. 
In what follows, we will divide the stars into different abun- 
dance groups, and investigate the kinematics of each group, 
to see whether the division is reasonable. 

There are 67 giants with [Fe/H] > — 1.0, and 38 with 
[Fe/H] < -- 1.0. The mean galactocentric distance of the 
giants in our sample is 8 kpc, and their heights above the 
plane range from 200 pc to 6.3 kpc. The dependence of z 
height on [Fe/H] can be seen in Fig. 2, where the filled 
circles denote stars from our sample. The intrinsically 
fainter metal-strong giants are concentrated at low z height, 
as we would expect in this magnitude-limited sample. 

It can be seen from Fig. 1 that there are only a small num- 
ber of stars more metal strong than [ Fe/H ] = —0.5. This is 
caused by our method of selection of giants; since the proce- 
dure was optimized for discovery of halo giants, the proba- 
bility of selection is greatest for the metal-weakest stars and 
decreases as [Fe/H] increases. Estimates of completeness of 
the halo sample will be given in Morrison ( 1990); we note 
here that the sample is not complete at the metal-strong end. 

Radial velocities Vcorr (corrected for the solar motion 
with respect to the LSR) have been plotted versus abun- 
dance in Fig. 3. We have reversed the signs of the radial 
velocities from the PHI field (aligned toward galactic anti- 
rotation ) so that they may be plotted with the velocities from 
the 959 field (aligned toward galactic rotation). Note the 
following features in this diagram: at high abundances, from 
solar to [Fe/H] ~ — 0.7, the stars are on rapidly rotating 
orbits and have a low line-of-sight velocity dispersion. For 
convenience, we refer to these two properties as “disk kine- 
matics” in what follows. The metal-weak stars (less than 
[Fe/H] ^ — 1.4) have close to zero rotation, and a high 
line-of-sight velocity dispersion. This we designate “halo 
kinematics.” However, in the intermediate region 
( — 0.7>[Fe/H]> — 1.4), there are relatively more stars 
with high rotation (Fcorr~0) than in the region with 
[Fe/H] < — 1.4. We are looking at a region of overlap in 
abundance between the halo and the disk. 

How far does this region stretch toward low abundance? 
We examine this question by using the velocity histograms of 
Fig. 4. Such histograms provide a useful exploratory tool, as 
they contain much more information than the two summary 
statistics usually quoted ( Frot and ). They show both the 
shape of the velocity distribution and the importance (or 
otherwise) of stars with extreme velocities. 

We postulate a simple description for the disk and halo, 
with roughly symmetric velocity distributions for the pure 
disk and halo. If the abundance distribution of the rapidly 
rotating objects overlaps that of the slowly rotating ones, the 
resulting velocity distribution in the overlap region will be 
skewed. We therefore use the asymmetry of the velocity dis- 
tribution as a diagnostic—if a distribution is strongly asym- 
metric, it is possible that it is a mixture of disk and halo. (We 
treat asymmetry more thoroughly using statistical tech- 
niques in the next section. ) 

Figure 4 shows histograms of an unbiased estimate of , 
defined as: 

L = Fga.,/A> H2) 
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1203 MORRISON ETAL. : DISK AND HALO 1203 

Fig. 2. The distance from the galactic plane 
\z\ plotted vs abundance, for our giants 
(filled circles) and for the giants of NBP 
(open circles) and Carney and Latham 
( 1986) (crosses). Distance from the Sun is 
also shown for our giants. 

for different abundance bins [see Eqs. (2) and (6)]. The 
values of velocity are not weighted (as in Sec. V). Instead, 
we have removed ten stars which are a long way from the 
tangent point, using the criteria [Fe/H] < —0.8, and 
(|a| + |y|)/|/?|)>l.l; this cutoff corresponds to an error of 
c*85 km s ~ 1 for . Only stars with [Fe/H] < — 0.8 were 

Fig. 3. Radial velocities Lcorr corrected for the solar motion relative to the 
local standard of rest plotted vs abundance for our sample of giants. The 
sign of Vcorr has been reversed for the stars in the antirotation field. The 
dashed lines indicate the abundance range which appears to contain stars 
of two kinematic types shown in Fig. 4(c). Crosses are stars from the 959 
field, circles stars from the PHI field or Gpec stars. 

removed, because the potential error due to the other com- 
ponents of the velocity ellipsoid is some 2-3 times larger for 
the high-velocity metal-weak stars compared to the metal- 
strong ones. 

We chose the abundance bins for the velocity histograms 
in Fig. 4 as follows: the highest abundance for a star with 
“high velocity” is at [Fe/H] = — 0.79, so we divided the 
stars with abundances between 0.0 and — 0.78 into two bins 
of equal size. Figure 4(a) shows stars with 
0.0 > [Fe/H] > — 0.55. The velocities are characteristic of 
the old disk; they are symmetrically centered on 
Frot =214+ 10 km s ~ 1, with a low spread in velocity and a 
mean z height of 580 pc. Figure 4(b) shows the metal- 
weaker group with — 0.55>[Fe/H] > — 0.79. The mean 
velocity has shifted to 185 + 10 km s ~ 1 and the spread has 
not changed significantly. The mean z height of these stars is 
960 pc. 

We examined the histogram of velocities for 
[Fe/H] < — 0.79, and found that it was strongly skewed. It 
was only when we reduced the upper metallicity cutoff by 
using stars with [Fe/H] < — 1.35 that the velocity distribu- 
tion became more symmetric; this distribution is shown in 
Fig. 4(d). Thus we tentatively associate the stars with 
[Fe/H] Z 1.35 with the halo, and use them to estimate 
halo kinematics for this sample. The intervening region 
(—0.79>[Fe/H]> —1.35) is shown in Fig. 4(c)—its 
strong asymmetry and modal value of ^ 200 km s ~ 1 [ the 
same as that for the metal-stronger stars in Fig. 4(b) ] sug- 
gests that we are seeing here a mixture of two discrete popu- 
lations with disk and halo kinematics. A similar impression 
is given by the distribution of stars in Fig. 3. Although this is 
not the only possible way to interpret our data, we will pres- 
ent more evidence to support our description in the next 
section. 

Another possible explanation for the distribution in Fig. 
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(a) 0>[Fe/H]>—0.55 

H 

Vrot = 214 ± 10 kms~ 

= 40 ± 11 kms-1 

(assumed (vr,<Je) = (55,28)) 

(z) = 580 pe 

n = 27 

-200 0 2i 

(b) —0.55é[Fe/H]>—0.79 

H b 

= 39 ± 10 kms” 

(assumed (ar,afl) = (55,28)) 

(z) = 960 pe 

n = 27 

-200 

(c) —0.79^[Fe/H]>—1.35 

fl—L+ 

(z> = 1475 pe 

n = 20 

lio -200 

(d) [Fe/H]S—1.35 

an. 

-i 

cj0 = 102 ± 24 kms"1 

(assumed (crr,o-0) = (130,90)) 

(z) = 2330 pe 

n = 22 

-200 0 200 

Fig. 4. Velocity histograms for four 
ranges in abundance for our giants. Vé is 
an unbiased estimator of Galactocentric 
rotation. One tick mark on the Y axis cor- 
responds to one star, (a) and (b) both 
show disk kinematics, while (d) shows 
halo kinematics. Since these three histo- 
grams show symmetric distributions, our 
measurements of Vrot and cré are shown in 
the right-hand panels. (The assumed val- 
ues for the other two components of the 
velocity ellipsoid and mean z height are 
also shown.) (c) appears to be a mixture 
of stars from the two kinematic types, so 
no estimate of Vnn or has been made. 

4(c) is that abundance errors have moved metal stronger 
stars into this bin. We can estimate the effect of abundance 
errors from stars of true [Fe/H] = — 0.5, where most of 
£ur disk stars lie. There are nine stars in Fig. 4(c) with 

> 150 km s ~1. These stars are uniformly spread in abun- 
dance from — 0.79 to — 1.34, so we assume an average 
abundance of [Fe/H] = — 1.0. If a star has a true abun- 
dance of — 0.5, and a measured abundance of — 1.0, then 
the abundance error is 0.5 dex—twice our estimated error 
for [Fe/H]. If the error distribution is Gaussian, then for all 
nine stars to be seen at these abundances merely due to errors 
in [Fe/H] we need 390 stars at [Fe/H] = — 0.5. In fact, 
there are 26 stars at this abundance. Therefore, we cannot 
explain these stars merely by abundance errors, unless the 
disk stretches much lower in abundance than 
[Fe/H] = -0.5. 

Estimates of Vrot and are shown on the right of Fig. 4 
for each abundance range. (Note that the ten stars not 
shown in the velocity histogram have been included in the 
estimation, but with low weight.) The estimates are not 
shown for Fig. 4(c), because they do not give a satisfactory 

representation of a distribution which we believe contains 
two components. Thè velocity dispersion estimates have 
been corrected for the random measuring error in the veloc- 
ities (10 km s“ 1 ). 

In order to calculate , values of ar and ae need to be 
assumed. For the halo, we assumed (crr, cr0) = (130, 90). 
These values are similar to those derived for stars with 
[Fe/H] < — 1.2 in the solar neighborhood by Norris 
(1986). We derive = 102 + 24 for [Fe/H]< - 1.35 
[Fig. 4(d)]. These results are insensitive to the assumed 
(, cr0): to demonstrate this, we then computed estimates 
of assuming that (ar, ae) = (150, 110) and (110, 60). 
Oq was 11 km s ~1 lower for the first case, and 12 km s ~1 

higher for the second case: compared to an error of 24 
km s ~1 on <r0 for this abundance interval, this is not signifi- 
cant. 

The metal-stronger stars are not located optimally for 
measuring a#, and we need to make stronger assumptions to 
constrain our answers. There is good evidence to suggest 
that the components of the velocity ellipsoid for the local 
disk (<7r, <7^, ae) rise slightly with decreasing abundance, 
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1205 MORRISON ETAL. : DISK AND HALO 1205 

[Fe/H] 
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Fig. 5. (a) Vrot and (b) plotted as 
functions of abundance. No calculation of 
a# has been made in region where the ve- 
locity distribution appears asymmetric. 

while the ratio of the three components remains close to 
2:V2:1 (see, e.g., Janes 1975; Fuchs and Wielen 1987; Ström- 
gren 1987). Since the stars in Figs. 4(a) and 4(b) are on 
rapidly rotating orbits, these assumptions are likely to hold. 

We have solved for a# from the line of sight velocity dis- 
persion in an iterative manner, assuming values of (<rrf a9) 
which are in the ratio 2:1, solving for cr# from the line-of- 
sight velocity dispersion, and iterating until the assumed 
(ar,ae) and the derived a# were in the ratio 2:V2:1, within 
the errors given by the estimation of a#. These results were 
more sensitive to the assumed values than those for the metal 
weaker stars; varying ar by + 20 km s ~1 has the effect of 
varying a# Eq. ( 11 ) by =(= 10 km s “1. 

Our estimates of a# for both “disk” histograms are shown 
in Figs. 4(a) and 4(b). For both abundance ranges the same 
value of (Jq was found. We quote cr^ = 40 + 10 km s~1 in 
the range 0.0 > [Fe/H] > — 0.78. 

In summary, we have found that the stars in the abun- 
dance range — 0.55> [Fe/H] > — 0.78, which have a mean 
height above the plane of — 1 kpc, have an asymmetric drift 
of 35 + 10 km s " 1, and an azimuthal velocity dispersion of 
40+10 km s~ 1. These kinematical quantities are consis- 
tent with membership of the thick disk, and in particular 
agree with the asymmetric drift derived by Ratnatunga and 
Freeman (1989). 

Figure 5 shows the run of Vrot and a# with abundance in 
more detail. The stars were ordered by abundance, and Vvoi 
and cr¿ calculated by stepping down one star at a time with a 
“window” of 20 stars. Each point in the graph thus comes 
from a group of 20 stars centered on the plotted [Fe/H] 
value. This procedure smooths our data, and is a convenient 
way of showing the effect of binning. 

In Fig. 5 (a) we see a slow decrease of Frot with decreasing 
abundance, from 214 + 10 km s~ 1 at [Fe/H] ^ — 0.4 to 
185 + 10 km s~ 1 at [Fe/H] ^ — 0.7. This decrease is only 
marginally significant. We have not plotted estimates in the 
overlap region — 0.79 > [Fe/H] > — 1.35 because the evi- 
dence points to an overlap of disk and halo here, so a single 
Frot has little physical meaning. This impression is very 
strongly supported by the maximum-likelihood analysis de- 
scribed in Sec. VII. For [Fe/H] < — 1.35, Vrox is constant at 
approximately 15 + 25 km s ~ 1. 

Estimates of (using the same assumptions as above) 
are shown in Fig. 5(b). Again, we have not plotted estimates 
in the overlap region. It can be seen that the estimates of 
shown in Fig. 4 are not affected by choice of abundance bin. 

We concluded above that the stars in the abundance range 
— 0.55> [Fe/H] > — 0.78 have properties consistent with 

membership of the thick disk. It is possible to estimate the 
radial scale length of this population using our measured 
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1206 MORRISON ETAL. : DISK AND HALO 1206 

asymmetric drift, and the components of its velocity ellip- 
soid. Friel ( 1989) has suggested that the thick disk may have 
a smaller radial scale length than the old disk (however, see 
also Ratnutunga and Freeman 1989). For a rotating popula- 
tion whose asymmetric drift is small relative to the velocity 
of the LSR, the following formula applies (Oort 1965): 

sample of stars. We will see that the relative numbers of disk 
and halo stars depend on z height, as we would expect. Close 
to the plane, the disk component is visible to [Fe/H] values 
as low as — 1.6. This larger sample will lead us to redefine 
the abundance regions appropriate to each component at 
different heights above the plane. 

V = ' rnt 
2 V,, l ^ fij' 

(13) 

The asymmetric drift is given by V¡ag = VLSR - Vrot, the 
scale length of the disk is h#, and Ä kpc is the distance of the 
object from the galactic center. 

To solve for ftR, we need the asymmetric drift F,ag (de- 
rived from our data to be 35 ± 10 km s ~1 ), the average dis- 
tance of the stars from the galactic center (8 kpc in this 
sample), and the radial and azimuthal velocity dispersions 
<7r and a#. We derived a value of = 40 + 10 km s “1 from 
our data, using the constraint that ar = 2:V2, and an as- 
sumed value of <7, = 55 km s -1. While we have assumed 
crr = 55 km s~1, its value cannot be varied by more than 
+ 10 kms1, without violating the constraint 

<jr\cr0 — 2:V2 (within the error on <j^). This is important 
because the derived value of hR is quite sensitive to <7r, and 
the ±10 km s ”1 will be used, along with the errors on Flag 
and O0 to estimate the error onhR. 

Substituting the above values into Eq. (13) gives a radial 
scale length for these stars of 3 ± 1 kpc. This should be com- 
pared with estimates of hR for the old disk of 5.0 +1.0 kpc 
(van der Kruit 1988) and 4.4 + 0.3 kpc (Lewis and Free- 
man 1989). This gives some indication that the radial scale 
length of these stars, which we have associated with the thick 
disk, is smaller than that of the old disk [we note, however, 
that Ratnutunga and Freeman ( 1989) derived a lower limit 
of ^4.5 kpc for the scale length of the thick disk, based on 
slightly different assumptions]. We shall see in Sec. VII65 
that the impression of a smaller scale length is confirmed 
when we analyze a larger sample of stars. 

In summary, our sample shows the following properties 
for disk stars: 

(a) VroX decreases slightly, from 214 +10 to 185 + 10 
km s~1 as [Fe/H] decreases from — 0.3 to — 0.7. 

(b) If (crr, (J# ) = (55,28), then cr^ is constant at 40 + 10 
km s "1 for this abundance range. The error in this result is 
the statistical uncertainty only. The result is additionally un- 
certain to the extent that a change of ± 20 in ar results in a 
change of + 10 in <7^. 

(c) Stars at the metal-weaker end of this abundance range 
( — 0.55>[Fe/H] > —0.79) have kinematical properties 
consistent with membership of the “thick disk”: an asym- 
metric drift of 35 ± 10 km s “1 and ^ = 40 ± 10 km s ~1. 

(d) The radial scale length of the thick disk, derived from 
their kinematics, is 3 + 1 kpc, a value which is slightly 
smaller than those derived recently for the thin disk. 

For the halo, which we define for this sample as stars with 
[Fe/H] < — 1.35, the main properties are: 

(a) ^rot = 17 + 24 km s -1, and 
(b) 0-0 = 102 + 24 km s~ 1, 

given that (ar, ae) — (130, 90). (The result is not highly 
sensitive to this assumption. ) 

The shape of the histogram in the overlap region, 
( — 0.79> [Fe/H] > — 1.35), can be understood as an 
overlap of the pure disk and halo summarized above, and is 
not an artifact of abundance errors. We shall discuss this 
region further in the next section, using a considerably larger 

VIL AN ENLARGED SAMPLE OF METAL-WEAK STARS 

In the overlap region between the disk and the halo, we 
might expect to see a change in kinematical properties with z 
height, since the disk density falls off* with z much faster than 
the halo. Our sample by itself is not suited for studying this 
effect, because we have few stars with [Fe/H] < — 1.0 and 
|z| < 1 kpc. However, since our giants have a mean galacto- 
centric distance of 8 kpc, it is reasonable to combine them 
with solar neighborhood samples of metal-weak stars. All 
the additional stars we have chosen were discovered by 
means of objective prism surveys (and so are free of kinema- 
tical selection effects) and all have abundance measure- 
ments of the same standard of accuracy as our DDO abun- 
dances. 

We will use this enlarged sample to show that there is a 
strong dependence of kinematics on z height for metal-weak 
stars ([Fe/H] < — 1.0). 

a) The Enlarged Sample 
We have added to our sample: 
(a) The giants of NBP—for consistency, we applied ex- 

actly the same procedure for estimation of [Fe/H] and dis- 
tance to these giants as we applied to our stars. The main 
difference from the published NBP results is that the new 
[ Fe/H ] values are on average 0.2 dex higher. ( See Appendix 
A for discussion of this point. ) We selected all giants with 
published U, V, and W values, and supplemented the sample 
by selecting (from those without space velocities) nine stars 
whose radial velocity is dominated by the component 
( using the same criterion as for our giants, described below ). 
[Fe/H] values for the NBP giants we used range from 
— 0.7 to — 2.4, and their mean [Fe/H] is — 1.7. 

(b) The metal-weak red giants for which Carney and 
Latham ( 1986) have published space velocities. We selected 
all giants with abundances published by Bond (1980) and 
distances of less than 1 kpc from the Sun. (This keeps veloc- 
ity errors low without introducing kinematic selection ef- 
fects. ) We show in Appendix A (see Fig. 14) that our DDO 
abundances are on the same scale as Bond’s. The Carney and 
Latham sample has lower abundances: [Fe/H] values range 
from — 1.4 to — 2.9, and the mean value is — 2.0. 

We considered adding the NBP dwarfs to the extended 
sample, but decided that since there is no direct method of 
checking that dwarf and giant abundances are on the same 
scale, it would be safer not to use them. Hence the enlarged 
sample is composed entirely of G and K giants. 

To make errors on from our original sample roughly 
comparable to errors from the other data, we omitted the ten 
stars from our sample which are far from the tangent point, 
using the same criteria as we did for presentation of Fig. 4 
(roughly, an error in F0 of less than 85 km s"1 ). 

For the stars with U> F, and W velocities, we estimated F^ 
by F + 231 km s ~ 1 (derived from our adopted solar motion 
and Flsr ). For stars with radial velocities only, we used the 
estimate F^ defined in Eq. (12). 

It is not immediately clear that estimates of F^ from the 
velocity component F and from the radial velocity can be 
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1207 MORRISON ETAL. : DISK AND HALO 1207 

combined to make one sample. However, the errors on both 
estimates are not systematic, and they have the same size on 
average. For the velocity component F, we used the pub- 
lished errors: for we took into account the contamination 
from Vr and Ve, and the measuring error on radial velocity. 
Vr and Ve contribute only via their velocity dispersion, since 
mean motions in these directions are assumed zero. For stars 
with [Fe/H] < —0.8, we assume (<jr, cre) = (130, 90), 
and for stars with [Fe/H]>—0.8 we assume (ar, 
ae) = (55, 28). 

b) The Dependence of Kinematics on z Height 

Figure 2 shows how well the solar neighborhood stars 
complement ours; for [Fe/H] < — 1.0 the entire |z| range 
from 0 to >2 kpc is now represented. We now have a sample 
containing 199 stars. 

We divided this sample into groups with |z| above and 
below 1 kpc, and plot [Fe/H] against for each group in 
Fig. 6. There is a remarkable difference between the kinema- 
tics of the stars in the two diagrams. For |z|> 1 kpc, there is 
an abrupt change at [Fe/H] — — 1.0 between disk and halo 

kinematics; little or no overlap between the populations is 
visible. The stars with |z| < 1 kpc have very different mo- 
tions; there is a significant overlap between disk and halo 
kinematics, starting at [Fe/H] — —0.8 and stretching as 
low as [Fe/H] = — 1.6. This region contains the metal- 
weak stars in near-circular orbits remarked upon by NBP 
(with planar eccentricity e<0.4 and [Fe/H] < — 1.2). 
There are additional stars with disk kinematics in this region 
from both our sample and that of Carney and Latham, con- 
firming the NBP result. Below [Fe/H] = — 1.6, the stars 
have close to zero net rotation but, curiously, do not appear 
to be well mixed in the Frot-[Fe/H] plane. Larger samples 
would be needed to confirm the reality of this impression. 

We obtain further insight into the kinematics of the two 
samples by examining the velocity histograms of Fig. 7. The 
four panels on the left show different abundance ranges for 
stars with |z| < 1 kpc; the three on the right show the same 
abundance ranges for stars with |z|>l kpc. There are no 
stars in the latter sample in the highest abundance bin, be- 
cause of the magnitude limit of our sample. 

If a velocity distribution is symmetric, we estimated the 
mean rotational velocity using a 5% trimmed mean (see 

 1 i i i 1 1 1 1 1 1 1 1 1 1  
0 -1 -2 -3 

Fig. 6. Vd, vs abundance for the extended sam- 
ple of giants, shown for |z| heights above and 
below 1 kpc. Symbols as in Fig. 2. In (a) the 
giants above 1 kpc are shown. The transition 
from disk to halo kinematics occurs sharply at 
[Fe/H]~ — 1, contrasting strongly with the 
giants below 1 kpc in (b), which show evidence 
for an overlap of disk and halo kinematics in the 
region — 0.8 > [Fe/H] > — 1.6. The mean |z| 
height of the stars in (a) is 420 pc and in (b) 
1780 pc. 

[Fe/H] 
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z < 1 kpc z è 1 kpc 

(a) 0£[Fe/H]>-0.4 
n = 7 

-200 Ô 

(b) —0.4è[Fe/H]>—1.0 
n = 42 

±Z—►“ 

2Ó0 
(e) -0.4*[Fe/H]>-1.0 

n = 20 

-h H—-P f- 
-200 Ô 

(f) -1.0^[Fe/H]£-1.6 
n = 12 

-200 

(c) -1.0è[Fe/H]è-1.6 
n = 28 

itT—£ 

200 200 

-200 Ô 
(d) [Fe/H]<-1.6 

n = 75 

2Ó0 -200 Û 

(g) [Fe/H]<-1.6 

200 

n = 15 

-200 200 -200 0 

v0 
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Fig. 7. The velocity histograms for the stars in Fig. 6(a) on the right ( |z| > 1 kpc) and 6(b) ( |z| < 1 kpc) on the left, for various abundance ranges. 
One tick mark on the Taxis corresponds to one star. The histograms for objects above and below 1 kpc arejnot significantly different at the metal-rich 
end [(b) and (e) ] or the metal-weak end [(d) and (g) ]. Compare this to the histograms in (c) and (f) which differ dramatically, (c) shows a 
dominant component with high rotation and low velocity dispersion, like that seen in (b). The kinematics for these stars are summarized in Table V. 

Appendix B for more detail). If the distribution is skewed, 
we measured the kinematics of the dominant component by 
maximum-likelihood estimation, which is described in more 
detail below. 

1) Stars below 1 kpc 

For the histograms of stars with |z| < 1 kpc, the following 
points should be noted: 

(a) The metal-strong and metal-weak extremes of the 
sample have symmetric velocity distributions, as can be seen 
from Figs. 7(a) and 7(d), respectively. This is consistent 
with our assumption that the pure disk and halo have Gaus- 
sian distributions. 

(b) Both histograms for stars with intermediate abun- 
dance are asymmetric, as can be seen from Figs. 7(b) and 
7(c). The histogram for — 1.0>[Fe/H]> — 1.6 shows the 
strongest skew. We tested whether this distribution was 
Gaussian using the Shapiro-Wilk test, a powerful test for 
Gaussian shape when the sample size is small. The hypothe- 
sis of Gaussian shape is rejected at the 97% level. (The test is 
described in Appendix B. ) 

(c) For both the asymmetric distributions [Figs. 7(b) 
and 7(c)], the dominant population has a high rotational 
velocity and the tails stretch a long way towards low veloc- 
ity. The modal velocity decreases slightly as [Fe/H] de- 
creases. 

Before continuing, we consider again the effect of [Fe/H] 
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1209 MORRISON ETAL : DISK AND HALO 

errors scattering disk or thick-disk stars to lower abun- 
dances. The stars in the extended sample have [Fe/H] er- 
rors of 0.2-0.25 dex. We would expect approximately 10 
times more stars with [Fe/H] > — 1.0 than are observed, if 
abundance errors were the only cause of the apparently met- 
al-weak stars having disk kinematics. A small number of the 
stars with — 1.0>[Fe/H]> — 1.6 may have large measure- 
ment errors, but the majority cannot be explained in this 
way. 

For Figs. 7(b) and 7(c) we used the maximum-likelihood 
technique to estimate the mean velocity of the dominant 
component. For a description of the technique, see Appen- 
dix B.* We fitted a mixture of two Gaussian components: a 
“halo” and a “disk” component. We assumed that the halo 
component had the same distribution as the metal-weak 
stars of Fig. 7(d), and estimated three parameters: the mean 
rotation of the disk component, its velocity dispersion, and 
the proportions of stars with disk and halo kinematics. 

For —0.4>[Fe/H] > — 1.0 [Fig. 7(b) ] the mean veloc- 
ity is 202 + 8 km s -1 and the disk accounts for 97% of the 
data, showing that disk kinematics still predominate in this 
abundance range. For — 1.0>[Fe/H]> — 1.6 [Fig. 7(c)] 
the mean velocity of the disk component is 170+15 
km s ~1 ; there is a small increase in asymmetric drift as 
[Fe/H] decreases. Even in this abundance range, the stars 
with disk kinematics still account for 72% of the data. 

2) Stars above 1 kpc 

The sample with |z| > 1 kpc is much smaller, but all three 
distributions shown in Figs. 7(e)-7(g) are roughly symmet- 
ric. The gross difference between the kinematics of the stars 
with — 1.0> [Fe/H] > — 1.6 for different z heights is high- 
lighted by the shape of their velocity histograms. The Sha- 
piro-Wilk test shows that there is no evidence that the stars 
in this abundance range, with |z| > 1 kpc, are not drawn from 
a Gaussian distribution. 

Kinematical properties for |z|>l kpc are as follows: 
(a) The metal-strongest stars, with — 0.4>[Fe/H] 

> — 1.0 [Fig. 7(e) ], have a mean Frot = 176 ± 12 km s~ 1, 
not significantly different from the mean velocity for the 
dominant component of the corresponding group with 

|Z|<i. 
(b) Stars with — 1.0>[Fe/H]> —1.6 and |z|>l kpc 

[Fig. 7(f) ] have a mean velocity of 18 + 41 km s~ 1, con- 
trasting strongly with the predominant group of stars in Fig. 
7(c) for which |z| < 1 kpc and Frot = 170 ± 15. 

(c) The metal-weakest stars with [Fe/H] < — 1.6 in Fig. 
7(g) have a mean velocity of 44 + 34 km s 1, which is not 
significantly different from the mean velocity (33 + 11) of 
stars in this abundance range in Fig. 7(d), which are closer 
to the plane. 

(d) There is no significant difference between the mean 
rotation of the stars with — 1.0>[Fe/H]> — 1.6 [Fig. 
7(f)] and those with [Fe/H] < — 1.6 [Fig. 7(g) ]. Sandage 
and Fouts ( 1987, Fig. 26) find a linear relationship between 
[Fe/H] and Frot for their nearby sample of kinematically 
selected dwarfs with | IF | > 60 km s “ 1 ; if this were also the 
case for our data, we would expect the mean rotation of the 
middle group to be 110 kms-1. Our result (18 + 41 
km s 1 )is significantly different at the 95% level, suggest- 

*Note that trimmed estimators were not used for maximum-likelihood esti- 
mation. 

1209 

ing that the Sandage and Fouts picture is not a good repre- 
sentation of the data above the plane. 
We have summarized the kinematics of our enlarged sample 
in Table V. 

2) Two overlapping populations 

Is our simple description (of changing contributions of 
stars with disk and halo kinematics as [Fe/H] decreases) 
the best description of the data? We note that the data for 
|z| < 1 kpc could also be explained as a continuous decrease 
in rotational velocity, and a corresponding increase in veloc- 
ity dispersion as [Fe/H] decreases, as Sandage and Fouts 
(1987) propose. However, their picture, which we would 
expect to apply above 1 kpc (because they chose stars with 

I IF I > 60 km s ~ 1 ), does not represent our data for |z|>l 
kpc. We have argued that in the abundance range 
— 1.0>[Fe/H]> — 1.6, we see two populations overlap- 

ping: one with a scale height of approximately 1 kpc, and 
disk kinematics; and the other with halo kinematics. 

If there are two populations overlapping, one might ask 
why there is a dearth of stars with negative F¿ in Fig. 7(c), 
such as are seen in Fig. 7(d), since we are proposing that the 
stars with halo kinematics in 7(c) are drawn from the same 
population as 7(d). If 72% of the 28 stars in Fig. 7(c) have 
disk kinematics, then we expect only eight of these stars to 
have halo kinematics; it is possible that we have found no 
stars with highly retrograde velocities because of small sam- 
ple statistics. It should also be noted that the abundance 
distribution of our extended sample in no way reflects the 
true abundance distribution of the halo; there is a concentra- 
tion of extremely metal-weak stars due to the selection ef- 
fects in the NBP and Carney and Latham samples. 

4) Measurement of scale height 

We have used our enlarged sample to estimate the scale 
height of the population with disk kinematics by extending 
the maximum-likelihood procedure described above. The 
scale height estimate does not come from the z distribution of 
the stars (as our sample is not spatially complete). However, 
since the stars have been selected without kinematic bias, it is 
possible to estimate relative proportions of stars with disk 
and halo kinematics at différent z heights. As |z| increases, 
the proportion of the flattened population with disk kinema- 
tics will decrease. This decrease can be modeled as an expo- 
nential function, and thus the scale height of the population 
with disk kinematics is estimated. 

We used all stars with — 1.0>[Fe/H]> — 1.6; their z 
heights range from 30 pc to 4.4 kpc. We assumed, as before, 
that these stars come from a mixture of populations with 
disk and halo kinematics, and that the halo parameters could 
be estimated using the stars with [Fe/H] < — 1.6. How- 
ever, this time we assume that the proportion of stars with 

Table V. Mean rotation (in km s 1 ) by abundance and z height (for 
dominant component only if distribution skewed). 

[Fe/H] range 

zheight Oto —0.4 — 0.4 to — 1.0 — 1.0 to — 1.6 < — 1.6 

|z| < 1 215 ± 6 202 + 8 170+ 15 37 + 12 
( disk comp. ) ( disk comp. ) 

|z|>l — 176+ 12 18 +41 44 + 34 
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1210 MORRISON ETAL : DISK AND HALO 

disk kinematics is ir0e~z/h% where 770 is the proportion of 
disk stars at z = 0 and the scale height of the disk population 
is hz. (This implicitly assumes that the halo density is uni- 
form over this region in z. ) Three parameters are estimated: 
77-0, hz, and the mean rotation velocity of the disk compo- 
nent. The effective disk velocity dispersion (which includes 
the true <7^, measurement errors, and small contributions 
from ar and (7e ) is fixed at 45 km s “1 : the value given by the 
previous maximum-likelihood estimate in Sec. VII&7. The 
estimates are: 

tTq = 0.83 + 0.17, 

Frot = 173+ 13 kms-1, 

= 14 + 0.7 kpc. 

As we might expect, there is a substantial correlation 
( — 0.55) between estimates of 7r0 and hz. 

5) Stars with all three space velocities U, V, W 

The extended sample was formed by adding stars from the 
solar neighborhood. The majority of these stars (93 of 104) 
have U, F, and W space velocities, unlike our original sam- 
ple, for which we only have an estimate of . This gives 
further information on the space distribution of these stars— 
both an independent check on the scale height hz, and a 
measure of the radial scale length hR. 

Figure 8 shows the W velocity distribution of the solar 
neighborhood stars. All of these stars have z < 1 kpc, so we 
would expect to see support for the features identified in Fig. 
6(b)—stars with thick disk kinematics predominating for 
[Fe/H] between — 1.0 and — 1.6, and stars with halo kine- 
matics predominating for abundances lower than 
[ Fe/H ] = —1.6. This is indeed what is seen. The stars with 
[Fe/H] between — 1.0 and — 1.6 have a relatively low W 
velocity dispersion, as would be expected with a flattened 
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population, and the stars with [Fe/H] < — 1.6 have a high- 
er W velocity dispersion, as would be expected for the gen- 
uine halo stars. 

To estimate kinematical parameters for the metal-weak 
stars with disk kinematics, a maximum-likelihood proce- 
dure similar to that used in Sec. Yllbl was followed. The 
kinematical data for stars with [Fe/H] between — 1.0 and 
— 1.6 was modeled by a mixture of two Gaussian velocity 

distributions, with the parameters for the halo distribution 
estimated from the velocities of stars with [Fe/H] < — 1.6. 
The proportion of disk stars was fixed at the value estimated 
previously (72%), and the maximum-likelihood technique 
used to estimate the mean velocity and velocity dispersion 
for the disk component. Solutions were obtained indepen- 
dently for the U, V, and W velocities. Table VI shows the 
results of this estimation for the three velocity components. 

The errors in Table VI in the mean velocity and velocity 
dispersion are large both because of the small sample in this 
abundance range (24 stars), and because the errors on indi- 
vidual (7, F, or IF velocities are quite large (typically 20-30 
km s ' 1, a sizeable proportion of the intrinsic velocity dis- 
persion of the stars). Thus the derived values are not as accu- 
rate as we would wish. However, some interesting points can 
still be deduced from the table. 

The mean F velocity is (not surprisingly) consistent, 
within the errors, with the value derived from the larger 
sample, and the mean U and Wvelocities are close to zero, as 
expected. The W velocity dispersion of 40 km s ~ 1 is consis- 
tent with a scale height of — 1 kpc (Freeman 1987), which is 
the same, within our quoted errors, as the previous estimate 
of hz for these stars ( 1.4 + 0.7 kpc). Thus two independent 
kinematical quantities both show that these stars have a 
scale height of approximately 1 kpc. 

The value of crv = 26 + 13 km s -1 seems a little small by 
comparison with the metal-richer stars in our original sam- 
ple (40 + 10 km s~1 ). It is, however, possible to reduce the 

Fig. 8. W velocities versus abundance for 
stars in the extended sample of giants. 
Note the low velocity dispersion in the 
range [Fe/H] > — 1.6 compared to 
[Fe/H] < — 1.6. All these stars have 
|z| < 1 kpc. 

[Fe/H] 
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Table VI. Mean velocity and velocity dispersion for metal weak stars- 
disk component. 

Mean velocity 
(km s_ 1 ) 

Velocity dispersion 
(km s”1 ) 

U 
V 
w 

25 + 20 
-52+14 
-10+14 

65 + 18 
24+16 
40+13 

uncertainty in our estimates of au and av by requiring that 
their ratio au\av — 2\V1. We would expect this to be a rea- 
sonable assumption for these stars, because they are close to 
the solar radius (so the local rotation curve is flat), and their 
mean rotation is clearly high. Using this assumption, the 
allowed ( + la) values of (aUy av) range from (47, 33) to 
(56, 40), so we adopt au — 52 kms“1 and av = ?>l 
km s “1. 

We now use Eq. ( 13 ) to estimate the radial scale length for 
these stars as /z* = 2 + 1 kpc. While we do not attach much 
weight to this value because of the large errors in the kinema- 
tical quantities used to derive it, it agrees quite well with the 
radial scale length derived for the metal-richer stars in our 
original sample (3 + 1 kpc). 

c) Comparison with Ratnatunga and Freeman 

We will compare our results with a recent survey for dis- 
tant metal-weak stars. Ratnatunga and Freeman (1989, 
RF) have published radial velocities and abundances for a 
group of predominantly metal-weak giants at / = 272°, 
b = +38°. These stars are at z distances ranging from 1.5 to 
15 kpc, with the metal-weak stars furthest away. The field is 
far from the tangent point and is not optimally placed for 
measurement of rotational kinematics, particularly for the 
more distant, metal-weaker stars. However, it still gives use- 
ful information on rotational kinematics away from the 
plane. 

We have calculated^ for their stars. For the metal- 
weak stars, errors on due to contamination from other 
velocity components are some three times higher on average 
than our errors. However, the RF data show the same abrupt 
change to halo kinematics around [Fe/H] = — 1.0 as we 
see in Fig. 6(a), and so lend support to our claim that the 
rapidly rotating stars with [ Fe/H ] <—1.0 are confined to a 
scale height of approximately 1 kpc. 

Using the estimation procedure outlined in Sec. V, we 
have calculated values of VTQt = —27 + 50 km s-1, and 
(j0 = 140 + 50 km s~1 for stars with [Fe/H] < — 1.0. We 
assumed that (c7r, cr0) = (130, 90); an increase of 20 
km s ~ 1 in both components decreases the a^ estimate by 50 
km s ~1, so the result is quite sensitive to this assumption. 

RF’s group of 17 giants with 0.0 > [Fe/H] > — 0.8 exhib- 
its disk kinematics; we calculate Frot = 167 + 20 km s~ 1, 
and = 60 + 24 km s~1, assuming that (ar, ae) = (80, 
40). (This differs slightly from RF’s results for the metal- 
stronger giants because the abundance intervals are not iden- 
tical.) These stars have mean z height of 3.1 kpc. The as- 
sumed value of a0 gives a scale height in z of about 1.5 kpc, so 
the data are consistent with these thick-disk stars being 

*The method of analysis differs from RF’s: they assumed a velocity ellipsoid 
constant in cylindrical coordinates, while we assume a velocity ellipsoid 
constant in spherical coordinates. 

about 2 scale heights from the plane. The large errors are a 
result of the sensitivity to the assumed ar and ae. However, 
we derive from our sample, within the errors, the same re- 
sults for Vroi and <r0 and confirm their result that the thick 
disk rotates rapidly. 

VIII. DISCUSSION 
a) Introduction 

In the previous section we established the existence of a 
group of metal-weak red giants (at the metal-strong end of 
halo abundances, i.e., [Fe/H] between — 1.0 and — 1.6) 
which has disk kinematics: 

Frot - 173 + 13 kms-1, 

scale height — 1.4+ 0.7 kpc, 

and predominates at low z heights in this abundance range 
( around 80% at z = 0 ). 

These metal-weak field giants clearly belong to a flat- 
tened, rapidly rotating population, although their abun- 
dances are in a range traditionally associated with the slowly 
rotating galactic halo. How then do they fit into the frame- 
work of galactic formation and evolution? 

We cannot measure the ages of these giants, but we can 
compare their kinematics with those of traditional halo 
members: The globular clusters and the local metal-weak 
RR Lyrae stars. Both were probably formed early in the 
history of the Galaxy: the globular clusters are believed to 
have ages in the range 12-18 Gyr (Lee, Demarque, and Zinn 
1988; VandenBerg 1988), and while the situation is not as 
clear for the local RR Lyrae stars, there is no conclusive 
evidence that there exist metal-weak RR Lyrae stars 
younger than this. 

b) The Globular Clusters 

First, let us consider the globular clusters. We have taken 
the cluster data summarized by Armandroff (1989), and 
used only the clusters with small errors on his projection 
factor cos ^ [<r(cos ^) <0.2]. To make the comparison 
between the solar neighborhood giants and the clusters as 
close as possible, we only used clusters with |z| < 1 kpc. 

We calculated Frot for three abundance bins, using the 
same methods and assumptions as in Sec. IV. We found that 
the globular clusters do not exhibit a gradual change from 
disk to halo kinematics, even when the sample is restricted to 
|z| < 1 kpc: they still show an abrupt change from rapid to 
slow rotation around [Fe/H] = — 1.0. Table VII summar- 
izes these results, and gives our own findings for the K giants 
with |z| < 1 kpc for comparison. The behavior of the globular 
cluster kinematics with abundance is much more like that of 
our giants with |z| > 1 kpc. 

The globular clusters with — 1.0>[Fe/H]> — 1.6 have 
an average distance of 5.0 kpc from the galactic center: in 

Table VII. Net rotation (in km s 1 ) of globular clusters with |z| < 1. 

Globular clusters Red giants 

Abundance range Vrol N (R) kpc Vrot 

[Fe/H] > — 1.0 176 + 31 6 4.6 205 + 6 
- 1.0> [Fe/H]> - 1.6 13 + 49 7 5.0 170+ 15 
[Fe/H] <- 1.6 28 ± 54 4 6.6 37 + 12 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
90

A
J 

10
 0

.1
1 

91
M

 

1212 MORRISON ETAL. : DISK AND HALO 

case this causes the difference between K giants and globular 
clusters, we next consider a sample of local RR Lyrae vari- 
ables. 

c) A Sample of RR Lyraes 

We have compiled a sample of 100 local RR Lyraes which 
have accurate [Fe/H] values [the stars published by He- 
men way (1975) whose SS values were determined spectro- 
scopically] . Proper motions were taken from the recent sur- 
vey by Wan, Mao, and Ji ( 1980) ; we used stars for which the 
error in both components of proper motion were less than 
0.0120" per year. Radial velocities were taken from Hawley 
etal. (1986). For consistency with the distance scale used by 
Armandroff ( 1989) for the globular clusters, it was assumed 
that the absolute magnitude of the RR Lyraes is related to 
[Fe/H] by 

Mv = 0.20 [Fe/H] +0.92 

(Lee, Demarque, and Zinn 1987), and space motions were 
calculated for the stars. 

The two recent calibrations of SS in terms of globular 
cluster [Fe/H] values by Norris (1986) and Zinn (1986) 
differ by 0.2 dex in zero point; we have adopted the Zinn 
scale: 

[Fe/H] = — 0.16AS — 0.41, 

but note here that the results we produce would not be signif- 
icantly changed if we had used the Norris scale instead. 

We plot vs [Fe/H] for the RR Lyraes with |z| < 1 kpc 
in Fig. 9(a). [We have estimated kinematical quantities for 
the RR Lyraes using 5% trimmed mean and standard devi- 
ation estimators. The errors quoted are not the usual a/Vn 
and a/y[2n errors, but calculated specifically for the 
trimmed estimators, without the assumption of an underly- 
ing Gaussian distribution. For derivations, see Welsh and 
Morrison (1990).] 

There is a small group of stars with disk kinematics at the 
metal-strong end (A>S=0 and 1; [Fe/H] from —0.4 to 
— 0.6) for which (Va) = 184 + 15 km s ~ 1. The stars with 

2 and 3 ( [Fe/H] from — 0.7 to — 0.9) show only 
weak evidence of an overlap between disk and halo; and for 
A*S>4 ( [Fe/H] < — 1.05) there is no sign of an overlap of 
disk and halo kinematics, in strong contrast to the G and K 
giants. For this group (V¿) = 64 + 16 km s -1 : All these 
stars have low mean rotation and high aé. 

Additional evidence that the RR Lyraes have different 
kinematics from the G and K giants comes from their W 
velocity distribution. If there was a significant component 
with disk kinematics and [Fe/H] less than — 1.0, then the 
flattening of the system would be reflected in a low W veloc- 
ity dispersion for this abundance group. However, examina- 
tion of Fig. 9(b) suggests that this is not the case. W veloc- 
ities for the entire sample of RR Lyraes are shown as a 
function of [Fe/H], and the only significant change in ve- 
locity dispersion is for the metal-strong stars with 
- 0.4> [Fe/H] > -0.6. 

Table VIII shows values of velocity dispersion for three 
abundance groups. An F test modified to take the trimming 
into account (Welsh and Morrison 1990) shows that there is 
no significant difference* between the velocity dispersions of 

♦The value of the test statistic in this case was 1.51; in order for the differ- 
ence to be significant at the 95% level, the test statistic needed to be greater 
than 4.06; thus there is no evidence in this sample that the two groups have 
different velocity dispersions. 

1212 

Fig. 9. The azimuthal component of space motion Vé vs abundance for the 
RR Lyrae sample is shown in (a). A small group of metal-rich objects 
exhibit disk kinematics. For stars with [Fe/H] below — 1.05 there is no 
sign of an overlap of the disk with the halo. This conclusion is strengthened 
by the plot of Wvelocities versus abundance shown in ( b ). The dispersion in 
Wis uniform for [ Fe/H ] < — 1.0, and only shows a decrease for the metal- 
rich stars. To display the data more clearly, the [Fe/H] values have been 
shifted at random by a small amount of up to + 0.04. Since they are derived 
from discrete AS values, the would have only had ten possible values other- 
wise. 

the groups with — 1.0> [Fe/H] > —1.6, and 
[Fe/H] < — 1.6, while there is both a significant difference 
between the velocity dispersion of the metal-strong group 
( — 0.4>[Fe/H]> — 0.6) and the intermediate group (at 
the 95% level); and between the metal-strong group and the 
metal-weak group (at the 99.9% level). 

Figure 10 illustrates the differences between the RR Lyr- 
aes and red giants very clearly. It shows the kinematics of 
both groups of stars in the abundance range 
— 1.0> [Fe/H] > — 1.6. The rotational velocity V# is plot- 

ted against the JV velocity. The RR Lyraes (shown at the 
top) are smoothly distributed in a population with high 
and low mean velocity, while the red giants in the lower 

Table VIII. Kinematics for local RR Lyraes. 

All z |z|<l 

[Fe/H] range AS aw n (V#) n 

- 0.4 to - 0.6 ÖA 27 ±6 17 184 ± 15 ¡7 
- 1.05 to - 1.6 4,5,6,7 69 ± 17 36 45 ± 24 26 

— 1.7 to — 1.9 8,9 100 ± 17 19 83 + 27 15 
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-200 0 200 
W velocity 

Fig. 10. Plot of K,, vs IFvelocity for stars with — 1.0>[Fe/H]> — 1.6. 
In (a) the RR Lyraes are shown, in (b) the red giants from the extended 
sample with measures of all three space motions. The difference in kine- 
matics between the two groups can be clearly seen; the RR Lyraes in this 
abundance range have a low mean rotational velocity and high vertical 
velocity dispersion (tw, while the red giants show a pronounced clump 
with high rotational velocity and low aw. 

graph show a significant clump with high mean rotational 
velocity and low aw. 

In summary, our sample of RR Lyraes with 
[Fe/H] < — 1.0 shows no evidence for a flattened rotating 
subpopulation. The RR Lyrae abundance scale would have 
to be revised downward by —0.5 dex in order to affect this 
conclusion. There are some RR Lyraes with low eccentricity 
orbits, as noted by NBP, and it is possible that a much larger 
sample would show evidence for a small fraction of the RR 
Lyraes forming a flattened system. However, such an effect 
is far less significant than that shown by the red giants in this 
abundance range. 

d) Metal- Weak Thick-Disk Stars 

We have shown that the globular clusters and the local 
RR Lyraes do not share the kinematical behavior of the local 
red giants; there is no evidence for a subpopulation of metal- 
weak objects with disk kinematics, for either group. If we 
take the globular clusters and the RR Lyrae stars to be typi- 
cal halo objects, this suggests that the metal-weak red giants 
with disk kinematics should not be associated with the halo, 
but with the disk and thick disk, as originally suggested by 
NBP. This implies that there is a significant overlap in abun- 
dance between the disk and the halo.We suggest that the 
thick disk should be still characterized as a flattened popula- 
tion with a scale height of — 1 kpc and somewhat hotter 
kinematics than the thin disk, but that it should be thought 
of as including stars whose abundance is as low as 
[Fe/H] = - 1.6. 

We now consider the relative numbers of these stars com- 
pared to the disk and thick disk. We do not mean to imply 
that there are three separate populations (disk, thick disk, 
and metal-weak thick disk); our data do not allow us to 
discriminate between discrete populations and a continuum. 
We merely aim to describe the relative numbers of disk stars 
of different abundance. Although none of the solar neigh- 
borhood samples we have used are complete over the abun- 
dance range of interest, we can use the fact that they are 
selected without kinematic bias to estimate the proportion of 
metal-weak giants with disk and halo kinematics; and com- 
bine this with estimates of normalization of the old disk, 
thick disk, and halo from the literature. This will give us a 
rough idea of the relative numbers at the plane of what we 
shall term metal-weak thick-disk stars to old disk, thick disk, 
and halo stars. 

If we consider the giants from our sample with [Fe/H] 
between — 1.0 and — 1.6, we have shown in Sec. VIIM that 
atz = 0, roughly 80% have disk kinematics. Thus, only 20% 
of giants in this abundance range belong to the halo. Assum- 
ing that the field halo giants have a similar abundance distri- 
bution to the halo globular clusters (as given in Zinn 1985 ), 
roughly half will have abundances between — 1.0 and 
— 1.6. Thus the ratio of halo giants with [Fe/H] < — 1.0 to 

metal-weak thick-disk giants is 40:80 or 1:2. 
Bahcall (1986) estimates the local disk:halo normaliza- 

tion to be about 500:1. Gilmore and Reid (1983) estimate 
that the thick disk has a normalization of 2% of the local 
disk, so our rough estimate of the relative numbers of old 
disk, thick disk, metal-weak thick disk, and halo stars at the 
plane is 

500:10:2:1, 
where the mean abundance for each group is approximately 

-0.2:-0.6:- 1.2:- 1.5. 

Thus it can be seen from these rough estimates that it is 
reasonable to regard the stars with [Fe/H] between — 1.0 
and — 1.6 and disk kinematics as the metal-weak tail of the 
thick disk. They only dominate the halo sample because of 
the extreme rarity of halo stars compared to disk stars, and it 
is only because our sample was intended to discover halo 
stars that they were noticed. Any study of the disk would 
have to contain enormous numbers of metal-strong disk 
stars in order to contain any metal-weak thick-disk stars. 

Our relative proportions are only rough estimates, and 
depend on the accuracy of both the halo:disk and disk Thick 
disk normalizations. However, the relatively large number 
of thick disk stars with [ Fe/H ] < — 1.0 ( — 20% ) is in some 
disagreement with the abundance distributions for the thick 
disk suggested by Gilmore and Wyse (1985) and Carney, 
Latham, and Laird (1989: CLL). (The two groups of au- 
thors suggest mean abundances of [Fe/H] = — 0.6 and 
— 0.5, and abundance spreads of ^0.3 and 0.2, respective- 

ly. ) Under either of these hypotheses, one would expect less 
thick-disk stars with [Fe/H] < — 1.0 than we observe. 
However, we note the CLL sample [as shown by Gilmore 
and Wyse 1989, Fig. 4(b)] does include some stars with 
[Fe/H] < — 1.0 and disklike kinematics. Their kinematical 
selection effects would make these stars less likely to appear 
in their sample. A more elaborate analysis of both the Gil- 
more and Wyse (1985) and CLL samples is needed to see 
whether they show any significant discrepancy with our rel- 
atively large fraction of metal-weak thick-disk stars. 
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e) The Age of the Thick Disk 

We have shown in previous sections that there are signifi- 
cant numbers of metal-weak red giants with thick-disk kine- 
matics; in fact at the plane they outnumber “classical” halo 
stars (i.e., metal-weak stars with high velocity dispersion). 
We have also shown that the local RR Lyrae variables show 
very different kinematical behavior—there is no evidence for 
a dominant population of RR Lyraes with disk kinematics in 
the abundance range — 1.0>[Fe/H]> — 1.6. 

What does this imply about the ages of the metal-weak 
thick-disk stars? There are globular clusters in this abun- 
dance range which have RR Lyrae variables, so we could 
postulate that these metal-weak thick-disk giants are 
younger than the globular clusters by several Gyr to explain 
why the RR Lyrae strip in their horizontal branch is not 
populated. The core helium burning phase of their evolution 
would then be spent on the red side of the horizontal branch, 
rather than in the instability strip as RR Lyraes. 

How does this fit in with current estimates of the age of the 
thick disk? This issue is somewhat contentious at present; we 
shall briefly review some of the evidence here. 

Norris and Green ( 1989) claimed that the local thick disk 
is at least 3-6 Gyr younger than the disk globular clusters. 
They based their claim on the difference in horizontal 
branch morphology between disk globular clusters such as 
47 Tucanae, and old open clusters such as NGC 2243 and 
Melotte 66, which are — 6 Gyr younger. The red horizontal 
branches of disk globular clusters are significantly bluer 
than the corresponding feature (the clump stars) in old open 
clusters. They examined the color distribution of a complete 
sample of giants at the SGP, and found that the distribution 
suggested that they are members of the younger clump popu- 
lation. They postulated that the thick disk is the field coun- 
terpart of the old open clusters and not the disk globular 
clusters. 

Claims that the thick disk is as old as the disk globular 
clusters have followed two main lines of reasoning: First, 
kinematical and other similarities between the populations, 
and second, turnoff colors of thick-disk field stars. 

The “similarity” argument has been most recently used by 
Armandroff ( 1989 ), who derived a mean rotation of the disk 
globular cluster system of 193 + 29 km s ~ 1. He noted that 
the thick disk and disk globular clusters have, within the 
errors, identical kinematics and abundance distributions, 
and suggested a similar origin (and implicitly age) for both. 

Arguments based on turnoff colors of samples of thick 
disk stars have been advanced by Wyse and Gilmore ( 1988 ) 
and by CLL. We will consider the data of CLL, as their very 
accurate abundance measures make it possible to make more 
sensitive age determinations from turnoff colors. They give a 
color histogram for the abundance range 
— 0.35> [Fe/H] > — 0.65, which they associate with thick- 

disk stars. They note that the turnoff color for NGC 2243 is 
considerably bluer than the blue edge of their histogram, 
indicating that it has a younger age than the thick-disk stars. 
They conclude by comparison with the turnoff color of 47 
Tucanae that the thick disk has an age approximately the 
same as 47 Tucanae. 

In order to make the comparison between the field stars 
and the metal-weaker cluster 47 Tucanae more exact, the 
B — V turnoff color 47 Tucanae was adjusted redward by 
0.02 mag (using the isochrones of VandenBerg and Bell 
1985). Two comments are in order here (we are grateful to 
Dr. J. E. Norris for pointing them out). First, it is more 
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direct to compare the turnoff color for a sample of field stars 
with similar abundances to 47 Tue. Second, calculations 
with the Revised Yale Isochrones (Green, Demarque, and 
King 1987) show that a difference of 0.25 dex in [Fe/H] 
changes the turnoff2? — Vcolor by 0.05 (assuming an age of 
14 Gyr and Y = 0.25 ) ; in addition, an age difference of 4 Gyr 
corresponds to a difference in turnoff color of 0.04 (assum- 
ing Z = 0.0035 and Y = 0.25). Thus we see that the use of 
turnoff color is not very sensitive to changes of only a few 
Gyr in age, and therefore very large samples are needed to 
discriminate differences of this size. We note that the Re- 
vised Yale Isochrones give a larger correction for the 
[Fe/H] difference than that used by CLL. 

In Fig. 11 we show the (B —V)0 histogram of stars from 
the CLL sample with — 0.60> [Fe/H] > — 0.90. There are 
100 stars in this group, and they have a mean [Fe/H] of 
— 0.75, so are a suitable choice for comparison with the 47 

Tucanae color-magnitude diagram. We also show with an 
arrow the turnoff color of 47 Tucanae: (B — V)0 = 0.51. We 
derived this value from the color-magnitude diagram of 
Hesser et al. ( 1987), assuming E(B — V) = 0.03 [the two 
accurate Stromgren photometry determinations of Craw- 
ford and Snowden (1975) and Hesser and Philip (1976) 
agree on this value]. For purposes of comparison, the other 
arrow is shown 0.05 to the blue, corresponding to an age 
which is 4 Gyr younger than 47 Tucanae. The corrections 
derived above indicate that in Fig. 5 of CLL, the turnoff 
color for 47 Tucanae should be at 5 — F = 0.56, rather than 
at 5 — V= 0.52. With this revision, their Fig. 5 would look 
similar to Fig. 11. CLL also remark that the range on 
[Fe/H] of the stars in their Fig. 5 will “smear out any other- 
wise sharply defined limit by about + 0.03 mag.” This may 
be the cause of the stars blueward of the 47 Tucanae turnoff; 
however, we believe that the sample sizes make it difficult to 
decide definitively between ages of, say, 10 and 14 Gyr. 

In conclusion, we feel that the current evidence (Norris 
and Green 1989; CLL) does not enable us to conclude with- 
out doubt that the thick disk is as old as the globular clusters. 

(B-V)0 

Fig. 11. Plot of (B — V)0 for thick-disk stars in the CLL sample of proper- 
motion dwarfs, in the abundance range — 0.9 to — 0.6. This abundance 
range brackets the metallicity of 47 Tue. The arrows show the position of 
the color turnoff of 47 Tue, and a turnoff 0.05 mag bluer, corresponding to 
an age 4 Gyr younger. 
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Hence we will examine our results in the light of both possi- 
bilities: a young and an old thick disk. 

If the thick disk is significantly younger than the globular 
clusters, then the natural explanation of our results is that 
the G and K giants, although metal weak, are younger than 
the globular clusters and RR Lyrae stars. In this picture, the 
globular clusters and RR Lyrae stars were formed before the 
dissipational collapse, and the G and K giants were formed 
during the collapse. This explains why neither metal-weak 
globular clusters nor local RR Lyrae stars are seen with the 
kinematics which are a signature of a dissipational collapse. 
If so, we have to ask what kind of post-giant branch stars 
should we see if not RR Lyrae stars? Some of the metal-weak 
thick-disk stars could actually be clump stars in their core 
He burning phase. It would be interesting to search for met- 
al-weak red horizontal branch stars (like those in NGC 362, 
M3, or NGC 7006), and examine their kinematics. We pre- 
dict that a significant number of these stars would be found 
with disk kinematics, close to the plane. 

If the thick disk is coeval with the globular clusters (and, 
presumably, with the local RR Lyraes as well) then things 
are more difficult to tie together. If the globular clusters and 
thick-disk field stars have the same ages, kinematics, and 
abundance distribution, they are likely to be part of the same 
population. The lack of metal-weak globular clusters with 
disk kinematics is unsurprising in the light of the normaliza- 
tion estimate given above: with 20 disk clusters published by 
Armandroff (1989), the expected number of metal-weak 
globulars with disk kinematics is approximately 1, which 
does not strain belief about why the population has not been 
observed. 

The absence of metal-weak RR Lyraes with disk kinema- 
tics is harder to understand if the thick disk is as old as the 
disk globular clusters. Calculations summarized by Taam, 
Kraft, and Suntzeff (1976) show that it is less probable that 
a relatively young, massive star will become an RR Lyrae 
than an older, less massive star. If the metal-weak thick-disk 
stars are as old as the disk globular clusters, then we would 
expect to see metal-weak RR Lyraes with disk kinematics. 
The absence of such stars requires another mechanism 
which will inhibit formation of RR Lyraes from the metal- 
weak red giants formed in the dissipational collapse. It is also 
necessary to explain why this mechanism came into play in 
the disk at this particular evolutionary stage. This could be 
another problem to add to the many connected with hori- 
zontal branch morphology. 

The discussion so far is based on the assumption that the 
metal-rich and metal-weak stars of the thick disk are coeval. 
However, the arguments that the thick disk is as old as the 
globular clusters (CLL, Gilmore and Wyse 1989) apply to 
the metal-strong stars of the thick disk. If these arguments 
are correct, then the absence of RR Lyrae stars with disk 
kinematics suggests that our metal-weak thick disk stars are 
in fact younger than the metal-strong thick disk. This could 
readily occur if the galactic halo was not formed during the 
monolithic collapse of the Galaxy, but came instead from the 
accretion and subsequent breakup of small metal-weak satel- 
lite galaxies over an extended interval of time. For a sum- 
mary of the accretion picture of the halo, see Freeman 
( 1987). In this picture, the distribution of stars in the early 
(mainly gaseous) thin disk is thickened by the dynamical 
effects of satellite accretion (Quinn and Goodman 1986) to 
form the present metal-strong thick disk. The debris of the 
satellites from this epoch of accretion form the metal-weak 

halo. We could then interpret the younger metal-weak thick- 
disk stars as the debris of younger metal-weak satellites that 
were accreted somewhat after the main epoch of halo-form- 
ing satellite accretion, following circularization of their or- 
bits by the dynamical friction of the disk. However, it is not 
clear in this picture why the velocity dispersions and scale 
heights of the metal-strong and metal-weak thick disks 
should be so similar. 

In summary, if the thick disk is several Gyr younger than 
the disk globulars, we can simply explain the difference 
between the kinematics of the metal-weak red giants and the 
halo tracers as being due to an age difference. If the thick 
disk is the same age as the disk globulars, it is difficult to 
explain why we do not see RR Lyraes with similar abun- 
dance and kinematics to the metal-weak thick-disk stars. 
However, since the evidence for the age of the thick disk is 
not yet conclusive, this may not end up causing any prob- 
lems. 

f) Galactic Formation and Evolution 

We have presented evidence for a significant overlap in 
abundance between halo and disk. What processes during 
the formation and chemical evolution of the Galaxy would 
produce disk and halo stars with such disparate kinematics 
and different ages, but the same abundance? 

The model of halo evolution of Hartwick (1976) gives 
such a mechanism. Hartwick suggested that a significant 
proportion of enriched gas was lost from halo star-forming 
sites during its evolution, and that this enriched gas subse- 
quently fell to the disk, dissipated, and formed the first disk 
stars. The mean abundance of the enriched gas from the halo 
is the same as the mean abundance of halo stars and clusters, 
so if this gas was well mixed before forming disk stars, we 
would expect the first disk stars to have roughly the same 
abundance as the mean halo abundance, as observed. Chem- 
ical evolution models which incorporate such a process in- 
clude Searle ( 1979) (after Searle and Zinn 1978), Gilmore 
and Wyse ( 1986), and Pagel ( 1989). 

Another possibility is the bulk of the halo was not formed 
during the collapse of our galaxy, but came from the accre- 
tion and subsequent breakup of small satellite galaxies over 
an extended period of time, as Searle and Zinn (1978) ori- 
ginally suggested (see previous section). If the halo resulted 
from accretion, the metal-weak thick-disk stars may be 
original inhabitants of our galaxy—with disk formation 
starting at a lower abundance than is usually tough 
( [Fe/H] 1.5)—and the halo stars “interlopers.” With 
this picture, the overlap in abundance between disk and halo 
causes no problems, because the stars originated in different 
galaxies. Alternatively, the metal-weak thick-disk stars may 
include debris from accreted satellites whose orbits were cir- 
cularized by dynamical friction (Quinn and Goodman 
1986) before tidal disruption. However, as we have noted in 
the previous section, the contrasting kinematics of the RR 
Lyrae stars remain to be explained; the halo forming accre- 
tion events must have occurred earlier than the events which 
formed the metal-weak thick-disk stars. 

Our result may also have an effect on studies of galactic 
chemical evolution. Since studies of detailed abundances of 
giants in the solar neighborhood are mostly restricted, by 
considerations of S/N, to very bright and thus nearby stars, 
studies of chemical evolution, which assume that all stars 
with [Fe/H] below — 1.0 belong to the halo, run the risk of 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
90

A
J 

10
 0

.1
1 

91
M

 

1216 MORRISON ETAL. : DISK AND HALO 1216 

wrongly classifying metal-weak disk stars as halo objects. A 
study of the relationship between the distribution of ele- 
ments and kinematics for local stars in the [Fe/H] range 
from — 1 to — 1.6 would be interesting; it could give useful 
information about galactic evolution in the early stages of 
disk formation, and help decide between the two pictures 
discussed above. For example, if the halo stars originated 
outside our galaxy, there could well be differences in abun- 
dance patterns between disk and halo stars at the same me- 
tallicity. 

g) Halo Kinematics 

Our result that some metal-weak giants in the solar neigh- 
borhood belong to the disk rather than the halo means that 
previous determinations of the rotation velocity and velocity 
ellipsoid of the halo should be viewed with caution. Solar 
neighborhood samples still dominate studies of the galactic 
halo; in the list of 1200 objects with [Fe/H] < — 0.6 com- 
piled by Norris (1986), 85% of the objects with 
[Fe/H] < — 1.0 have |z| < 1 kpc. We have recalculated Frot 
and the velocity ellipsoid for nonkinematically selected stars 
from the Norris catalog. We chose stars with 
[Fe/H] < — 1.6 (to exclude the metal-weak thick-disk 
stars) and distances <3 kpc, and calculated values of (<jr, 
^, cr0 ) from both radial velocities only ( Woolley 1978) and 
from (JJ.V.W) space velocities, and averaged the results 
from the two methods. We find that VTOt = 25 + 15 km s ~1 

and (av, o-0) = (133 + 8, 98 + 13, 94 + 6). This is a 
better representation of the velocity ellipsoid in the solar 
neighborhood than the previously quoted result of Norris, 
which was very likely biased by some disk stars. Freeman 
(1988) used several other methods of constructing a pure 
halo sample (uncontaminated by metal-weak thick-disk 
stars). All these methods use kinematic criteria to remove 
stars on low eccentricity orbits. It is more direct to use 
[Fe/H] to define the halo, as we have done here. Freeman’s 
results also indicate that the halo has very low rotation. 

It is striking how low the rotation of this subsystem of the 
galaxy is, a fact which needs explaining. Why should there be 
a chemically well-defined subcomponent, with such low ro- 
tation, of an otherwise rapidly rotating Galaxy? 

The change in values of the halo velocity ellipsoid has an 
effect on the inferred shape of the halo. White ( 1989) gives a 
relationship between the velocity ellipsoid of a nonrotating 
population and its flattening. Use of this relationship with 
the above velocity ellipsoid gives a flattening in the range 
b /a = 0.6-0.7, depending on the assumed potential; this 
contrasts with the more extreme values of b /a = 0.3-0.5 
which White derives from a velocity ellipsoid of {<jr, 
az) = ( 140,100,75 ) km s “1. Both values disagree with the 
conclusions of several authors that the halo has a near- 
spherical shape (see Freeman 1987 and references therein), 
but both the Hartwick ( 1987) model and the Wyse and Gil- 
more ( 1989) results suggest that a flattening of 0.6 may not 
be unreasonable, at least for the inner halo. 

We note that both the value of a $ derived from our origi- 
nal sample (102 + 24) and the solar neighborhood value 
derived here, are quite close to that predicted by the dynami- 
cal model of the galactic halo proposed by Sommer-Larsen 
( 1987), who kindly calculated the expected run of with 
distance for our fields. At the tangent point, his model gives 
(Jq — 99 km s -1. 

IX. CONCLUSIONS 

We have observed a sample of G and K giants selected 
spectroscopically for their moderate to extreme metal defi- 
ciency in a galactic rotation field. Accurate abundances, dis- 
tances, and radial velocities have been determined, and the 
sample has been combined with local giants from the litera- 
ture, in order to derive the galactocentric rotation and veloc- 
ity dispersion of the entire range of abundance, from disk to 
halo. 

Objects we identify with the old disk, in the abundance 
range 0.0> [Fe/H] > —0.55, are rotating rapidly, 
Frot =214+ 10 km s -1, and have a low azimuthal velocity 
dispersion, ^ = 40 + 11 km s -1. We have found stars of 
lower abundance whose kinematical properties are consis- 
tent with membership of the thick disk, and whose abun- 
dance distribution shows a large overlap with that of the 
halo. At the metal-rich end of this abundance range, 
— 0.55 > [Fe/H] > — 0.79, we derive Frot = 185 + 10 

km s “ 1, and = 39 + 10 km s ~ 1. This is only a slight 
rotational lag on the old disk, confirming the findings of 
Ratnatunga and Freeman ( 1989) and Friel ( 1988). Stars at 
the metal-weaker end ( — 1.0> [Fe/H] > — 1.6) have, 
within the errors, the same rotational velocity 
(Frot = 170+ 15 kms“1 ), as the metal-richer stars. A 
comparison of the kinematics of these metal-weaker stars 
with the kinematics of globular clusters and local RR Lyrae 
stars lead us to conclude that they are better associated with 
the disk than with the halo. These stars form the metal-weak 
tail of the thick disk, as originally suggested by NBP. Thus 
not all low abundance objects belong to the halo, and it is 
necessary to extend the conventional description of the 
abundance distribution of the thick disk (Gilmore and Wyse 
1985) to include stars with [Fe/H] as low as — 1.6. We 
have estimated population parameters for these metal-weak 
thick-disk stars, and find a scale height of 1.4 + 0.7 kpc, and 
a normalization roughly equal to that of genuine halo stars, 
at the plane. Thus they are very rare stars and will be found 
preferentially in samples biased toward metal-weak objects, 
which are selected nonkinematically. 

For our sample of halo giants, we confirm that the halo 
has very low rotation, measuring Frot = 17 + 24 km s~1, 
and also measure = 102 ± 24 km s “1. In the light of the 
findings on the metal-weak stars with disk kinematics, the 
rotational velocity and the velocity ellipsoid for the metal- 
weak halo in the solar neighborhood has been rederived from 
the large sample of halo objects of Norris ( 1986), after re- 
moval of objects which may be metal-weak thick-disk stars. 
We derive Frot = 25 ± 15 km s "1 and (crr, cr0, 
cre) = (133 ± 8,98 + 13,94 + 6) km s -1. This halo veloc- 
ity ellipsoid is more isotropic than many previous estimates, 
and thus does not require the extreme values of flattening of 
the halo which have been inferred previously. Hence infor- 
mation on the shape of the halo from both spatial and kine- 
matical data is now in better accord. 
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APPENDIX A: DDO CALIBRATIONS 

A general description of the DDO intermediate-band 
photometric system and its applications can be found in 
McClure ( 1976) and ( 1979). There are two different appli- 
cations of the DDO system, suitable for metal-strong and 
metal-weak stars. First, Janes (1975) classified disk stars 
using strength of the blue CN bands as an abundance indica- 
tor, and the filters 41, 42, 45, 48 only. Since the CN bands 
become too weak to be useful for metal-weak stars, the Janes 
scheme is only applicable to metal-strong stars with 
[Fe/H]£—0.8. Second, Norris, Bessell, and Pickles 
(1985; NBP) used two additional filters (35 and 38) and 
derived abundances for metal-weaker stars using line-blan- 
keting in the ultraviolet, measured by the 38 filter. In general 
we use the Janes calibration for stars with [Fe/H] > — 0.8, 
and the NBP calibration for stars with [Fe/H] < — 0.8. 
However, we have defined a different luminosity classifica- 
tion scheme for metal-weak stars which removes the need for 
the 35 filter, and we have made some small changes to the 
NBP abundance calibration. We also examine the region of 
overlap between the two classification schemes. 

a) Giant/Dwarf Classification 

We used the formalism defined by Janes (1975) for 
giant/dwarf classification of metal-strong stars; if the metal- 
licity derived from the Janes <5CN index was greater than 
— 0.8, and the DDO colors were on the grid given by Janes, 

then his absolute magnitude calibration was used. For these 
stars, we define a giant (luminosity class III) to have 
MV<\D, and an intermediate class (III/IV) to have 
1.0>Mr > 3.5. 

For metal-weak stars, NBP used a plot of C3538 vs R — 7 
to classify stars in luminosity. Since observations using the 

Fig. 12. The C4245-C4548 diagram used in our luminosity classification. 
The position of dwarfs and giants from the sample of NBP are shown: open 
circles are dwarfs, filled stars are metal-weak giants ([Fe/H] < — 1.2), 
open stars are intermediate metallicity giants ( — 0.8> [Fe/H]> — 1.2). 
Also shown are the population I loci for dwarfs, subgiants and giants. 
Shaded area is occupied by metal-weak giants. 

Fig. 13. The C4548-C3842 diagram used in luminosity classification. 
NBP stars are shown, using the same symbols as in Fig. 1. Metal-weak 
giants occupy shaded area. 

35 filter take significantly longer than those using the other 
filters, we decided to use a luminosity classification based on 
the C4548, C4245, and C3842 indices instead; this was 
equally satisfactory, and required less observing time. 

We used DDO photometry of known giants and dwarfs 
from NBP to set up this classification. Figures 12 and 13 
show the regions occupied by metal-weak dwarfs and giants 
in the C4245-C4548 and C4548-C3842 diagrams. All giants 
used have Mv < 1.0. The mean lines for Population I lumi- 
nosity classes III and V (taken from McClure and Forrester 
1981 ) are also shown. 

In the C4245-C4548 diagram ( Fig. 12 ), it can be seen that 
there is a clear separation between dwarfs and metal-weak 
giants for the redder stars (C4245>0.7) only. (Note also 
that the metal-weak dwarfs have similar C4548 colors to the 
Population I dwarfs.) The C3842 color, however, gives 
abundance information which makes the distinction 
between giants and dwarfs much clearer. In the C4548- 
C3842 plane (Fig. 13), metal-weak giants fall above and to 
the right of the Population I giant line, and metal-weak 
dwarfs fall above and to the left of the Population I region. 

We classify a star as a giant if it falls in the shaded regions 
of both Figs. 12 and 13. Subgiants fall in the region marked 
as IV in Fig. 12; however, the separation between subgiants 
and dwarfs is less distinct, and we have classified several 
stars as IV/V when it was not totally clear which class the 
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star should be assigned to. This does not matter in practice, 
as we are only concerned with identifying the giant stars in 
our sample. 

b) [Fe/H ] Measurement 

For stars with [Fe/H] greater than — 0.8, we used the 
Janes (1975) <5CN calibration. Recent comparisons by Nor- 
ris and Green ( 1989—see their Fig. 4, also our Fig. 15 ) have 
shown that <5CN provides accurate measurements of 
[Fe/H] down to metallicities of at least — 0.7. We adopted 
the relation 

[Fe/H] = 4.5<5CN - 0.2, 
given by Janes (1975). 

For stars with abundances less than — 0.8, we used the 
[Fe/H] calibration of NBP, which uses the C3845 color. 
C3845 gives a measure of line blanketing in the ultraviolet 
region. The original calibration of NBP used globular cluster 
stars only; we have examined its behavior for metal-weak 
field stars. We collected a sample of stars with abundance 
determinations either from high-dispersion spectroscopic 
analysis, from Strömgren photometry, or from the Ca n H 
and K index yi(Ca). Figure 14 shows the external abun- 
dance estimate, plotted against the DDO estimate from the 
NBP calibration. For stars outside the calibration range 
( [Fe/H] > — 0.8), linear extrapolation was used. It can be 
seen that the 45° line (shown as a dashed line) does not give 
the best fit to the data: the DDO abundances are systemati- 
cally too low by about 0.2 dex. 

We have therefore corrected the DDO abundances using 
these data. We calculate [Fe/H] using the method outlined 
by NBP, and then adjust it using the following formula, ob- 
tained from the line of best fit to the data in Fig. 14 (shown as 
a solid line): 

ro 

Fig. 14. Comparison of DDO [Fe/H] estimates using the NBP calibra- 
tion, with other estimates. Filled circles are values from high-dispersion 
spectroscopic analysis of Cottrell and Sneden (1986), Bond (1980) and 
Luck, and Bond (1981, 1983). Triangles are values from Strömgren 
photometry of Eggen (1979) and Bond (1980). Open circles are 
[Fe/H] values from the Ca n index A(Ca), from Flynn and Morrison 
( 1989). Dashed line is the 1:1 relation; solid line the line of best fit. 

[Fe/H] = 0.96 [ Fe/H ]NBP +0.11. 
In summary, if [Fe/H] from the Janes formalism is 

greater than — 0.8, then the Janes estimate is used. If the 
revised [Fe/H] from the NBP technique is less than — 0.8, 
we use this; but if both the Janes and revised NBP abun- 
dances are within their individual calibration regions (i.e., 
[Fe/H]Janes > - 0.8 and [Fe/H]revised NBp < - 0.8), then 
we average the two estimates. 

We estimate errors in [ Fe/H ] from our two methods to be 
0.25 dex. First, considering errors due to the calibration it- 
self, Norris and Green (1989) state that the Janes ô CN 
abundances are accurate “at the 0.2 dex level.” NBP quote a 
mean absolute difference between their [Fe/H] and that of 
Eggen and Bond (using Strömgren photometry) of 0.23 dex, 
which translates to a s.d. of 0.3 dex. This figure includes a 
contribution from the errors in the Strömgren abundances; if 
both methods have the same error, it is 0.21 dex. However, 
our DDO photometric errors are larger than those of NBP; 
therefore the errors should be a little larger. But Flynn and 
Morrison (1989) quote a s.d. of 0.3 dex on the difference 
between +(Ca) and DDO abundances, which shows that 
this effect must be small. We believe that 0.25 dex thus pro- 
vides a reasonable estimate of our errors. 

cj Absolute Magnitude and Reddening 

We used the absolute magnitude calibration of Janes 
(1975, 1979) for stars with [Fe/H] > —0.8, and that of 
NBP for stars with [Fe/H] < — 0.8. The Janes calibration 
comes from measurements of Mv for field giants using the 
Wilson-Bappu effect; the NBP calibration comes from posi- 
tions of globular cluster giant branches in the Mv, {B — V)0 
diagram. Note that for very metal-weak stars 
( [Fe/H] < — 2.3) we do not extrapolate, but use the abso- 
lute magnitude of M92, since giant branches of very metal- 
weak populations are close in My, as can be seen from the 
Revised Yale Isochrones (Green, Demarque, and King 
1987). In the metallicity range — 0.6> [Fe/H] > — 1.0, 
the estimates from the two methods were averaged to in- 
crease accuracy: this is justified in the next section. 

Since all our stars were concentrated in two small areas in 
the sky, we derived reddenings for these areas by averaging 
the reddening estimates (found using the method of Janes 
1977) for all stars with [Fe/H] > — 0.65 in each area. 

dj Overlap between the Two Classification Schemes 

The calibrations given by Janes and NBP are aimed at 
different populations, with probably different ages and 
masses. There is no guarantee that the transition between 
these two calibrations is a smooth one. 

For [Fe/H], it can be seen from Fig. 14 that the corrected 
NBP abundances are accurate for [Fe/H] several tenths of a 
dex more metal strong than — 0.8, where the calibration 
ends. Figure 15 shows the behavior of the <5CN index, ap- 
plied to the stars with high-dispersion [Fe/H] measure- 
ments from Fig. 14. The <5CN procedure fails for some of the 
more metal-weak stars, as they are not on the Janes grid; 
however, it can be seen that it extrapolates well for the few 
metal-weak stars on the grid. Therefore, we believe that the 
transition from disk to halo in metallicity can be measured 
smoothly, without abrupt discontinuities between the two 
calibrations. 

We have demonstrated that the DDO abundance calibra- 
tion gives accurate abundances over the entire range of 
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Fig. 15. Comparison of DDO [Fe/H] estimates using the Janes <5CN 
index, for stars with high-dispersion spectroscopic determinations of 
[Fe/H] as shown in Fig. 13. The dashed line is the 1:1 relation. 

[Fe/H] from solar to — 2.3; this calibration is tied both to 
globular cluster giants and to field stars with measures of 
[Fe/H] from fine analysis. Figure 16 shows the final abun- 
dance calibration adopted. 

The absolute magnitude calibrations also behave well in 
the overlap region. Figure 17 shows the difference between 
the Janes Mv and the NBP Mv for the stars with high- 
resolution [Fe/H] determinations which have 

ro 

[Fe/H] sp or Stromgren 

Fig. 16. The final DDO abundance values, using both <5CN and C3845, 
compared with published [Fe/H] values. Symbols are as in Fig. 13; the 
dashed line is the 1:1 relation. 

-0.4 -0.6 -0.8 -1 -1.2 
[Fe/H] 

Fig. 17. Difference (Janes)—A/K(NBP) as a function of 
[Fe/H]. 

- 1.1 < [Fe/H] < — 0.5. The error bars have been calcu- 
lated for each absolute magnitude estimate by considering 
the effect of errors in [Fe/H], and photometric errors in 
DDO and B — V color, where relevant. In every case but 
one, the two absolute magnitude determinations are the 
same, within the errors. Because of this smooth transition, 
and the large errors in absolute magnitude, we have averaged 
the Janes and NBP estimates in the region 
— 1.0< [Fe/H] < — 0.6, to increase the accuracy of the ab- 
solute-magnitude estimate. 

e) Iteration 

As can be seen from the above description, the DDO clas- 
sification scheme is complex and inter-related. For example, 
[Fe/H] influences Mv, and reddening influences everything 
else. Two iterations are necessary before a consistent abun- 
dance and luminosity classification is gained, if the redden- 
ing is nonzero. 

APPENDIX B: STATISTICAL TECHNIQUES 
a) Problems with Outliers 

Outliers can adversely affect both estimates of mean ve- 
locity and of velocity dispersion. Their effect is particularly 
bad for velocity dispersion, because observations contribute 
via their second power, and large velocities will dominate. 
An example given in Breiman ( 1973, p. 248) shows the ef- 
fect of a small number of outliers on a velocity dispersion 
estimate. He shows that if only one observation out of 20 is 
affected (by being drawn from a distribution with a larger 
tail), the error on the classical velocity dispersion estimate* 
can triple. 

With the small sample sizes typical of many astronomical 
investigations, it is almost impossible to detect such subtle 
variations from Gaussian shape, particularly in the tails of 
the distribution. However, classical statistical techniques are 
extremely sensitive to these variations. 

Evidence for outliers in the velocity distribution of Galac- 
tic halo stars is given by the extreme retrograde stars dis- 
cussed by Norris and Ryan (1989). Without sample sizes of 
the order of 1000 stars, we are unable to usefully study the 
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velocity distribution of these retrograde stars; all that is pos- 
sible is to determine the parameters of the predominant dis- 
tribution, and ensure that our answers are not biased by the 
rare retrograde stars. 

Eddington (1914) proposed using 21 V \ rather than 2 V2 

in estimating velocity dispersion, and commented: “This is 
contrary to the advice of most textbooks, but can be shown 
to be true.” Nowadays it is possible to find textbooks which 
agree with Eddington! Recent statistical research has identi- 
fied even better estimators, which make more efficient use of 
the data, and are not affected by outliers. 

b) Trimming the Data 

A simple method of protecting estimates from the adverse 
effect of outliers is to trim one’s data. The estimators which 
replace the classical mean and standard deviation are com- 
putationally very simple: one orders the data, removes the 
highest and lowest 5%, and then calculates the mean and 
standard deviation with the observations that remain. The 
choice of how much data to trim (5% here) strikes a balance 
between throwing away too much data, and risking the ef- 
fects of outliers on one’s data. It is also necessary to renor- 
malize the trimmed standard deviation. (The exact number 
of observations to be trimmed is found by taking the nearest 
integer to 0.05 n\ if this number is zero, we chose to set it to 
T) 

If there are n observations xx and «trim are left 
after trimming, then the trimmed mean is 

2,-X; 
=- 

and the trimmed standard deviation is 

at=-A— / 1 y(;c,.-3c,)2, 
0-789"^ «trim — 1 / 

(14) 

(15) 

where the index / ranges over all observations which have not 
been trimmed. The factor of 0.789 in Eq. (15) is needed 
because the removal of the highest and lowest values biases 
the estimate. It is calculated so that the classical standard 
deviation and the trimmed standard deviation estimate the 
same parameter for pure Gaussian data. Details of these esti- 
mators can be found in Breiman (1973; p. 241ff), Huber 
( 1981 ), and Welsh and Morrison ( 1990). 

The trimmed estimates require the user to throw away a 
small amount of data, but in return they provide safety in 
estimation. Because of their simplicity, they adapt easily to 
refinements such as the weighting scheme described in Sec. 
V. Different choices of the amount to trim may be appropri- 
ate for different situations: it is necessary to trade off the loss 
of precision caused by removing some data points against the 
loss of precision due to suspected outliers. 

To compare the errors of the classical and trimmed esti- 
mators, Monte Carlo simulations were made for the two dis- 
tributions mentioned above: (a) a Gaussian with ¿7=1, and 
(b) a Gaussian with ¿7=1 which has been contaminated by 
choosing 5% of the observations from a Gaussian with 
¿7=5. The “contaminated” sample is used to illustrate the 
effects of a distribution with larger tails than a Gaussian: this 
is the most common deviation from Gaussian shape. Simula- 
tions were made for sample sizes ranging from 10 to 1000, 
and in order to estimate errors with similar precision, the 
product of the number of simulations and the sample size 
was kept constant at 100 000. 

10 100 1000 
Sample size 

Fig. 18. The error on the mean and 5% trimmed mean, from Monte 
Carlo simulations. Symbols used are: mean, star; trimmed mean, cir- 
cle. (a) Data drawn from a Gaussian distribution with = 0 and 
<j = 1; (b) data drawn from the Gaussian distribution of (a), con- 
taminated by 5% from a Gaussian with <7=5. The solid line is the 
theoretical error on the mean. 

The behavior of the trimmed mean can be seen in Fig. 18, 
which shows the error on the sample mean and the 5% 
trimmed mean as a function of sample size, for the distribu- 
tions (a) and (b). The solid line shows the error for the 
sample mean ( a/Yn ) in the case of pure Gaussian data. The 
trimmed mean has similar errors to the mean for Gaussian 
data, and performs much better for the contaminated sam- 
ple. 

Figure 19 shows the error on the classical standard devi- 
ation and the 5% trimmed standard deviation. The solid line 
shows the a/yjln error for the standard deviation in the case 
of a pure Gaussian distribution. The trimmed standard devi- 
ation has a slightly larger error for the pure Gaussian case. 
For the case of a slightly contaminated Gaussian, the errors 
on the classical standard deviation are much higher, and the 
trimmed standard deviation is hardly affected; it can be seen 
that this is the more reliable choice. 

e) Maximum Likelihood 

This is a general technique of statistical estimation, and 
has many different applications. Breiman (1973, p. 65) or 
Kendall and Stuart (1973, p. 38) give introductions to the 
subject. 

We will illustrate the use of the technique using an exam- 
ple: the estimation of velocity dispersion for a group of stars. 
Let F be the velocity random variable, and vXiv2,...vn the 
individual measurements of velocity. If we assume that the 
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To use the technique, it is necessary to assume a model for 
the underlying distribution of one’s data (often taken to be 
Gaussian); however, the technique does not provide a direct 
check of the goodness of fit of this model (for example, 
whether the Gaussian distribution is the best choice), al- 
though it is possible to check this separately in some cases. 
Thus the technique is model-dependent; and as we have seen 
in subsection a that slightly non-Gaussian distributions can 
have significant effects on the performance of estimators, 
this model dependence may be important, and should be 
recognized. 

Also, when a large number of parameters are estimated 
simultaneously, their values may be correlated: a change in 
one parameter may be reflected in a compensating change in 
another. The techniques does estimate these correlations, 
but they are often not stated in published analyses. 

In Sec. VIII67, maximum likelihood was used to fit a mix- 
ture of two Gaussian velocity distributions to the data. The 
mean velocity and velocity dispersion for the halo compo- 
nent (//haio and <rhalo ) were assumed known, the mean veloc- 
ity and velocity dispersion for the disk component (//disk, 
<7disk ) and the mixture proportion tt were estimated. The log 
likelihood function used was: 

log /(7r,/idisk,crdisk ) = ]T log[l7/disk + (1 - 77)/halo ], (19) 

where 
Fig. 19. The error on the standard deviation and 5% trimmed stan- 
dard deviation estimators. Symbols used are: standard deviation, star; 
trimmed s.d., circle. Distributions in (a) and (b) the same as in Fig. 
16. The solid line is the theoretical approximation to the error on the 
standard deviation assuming the data are Gaussian. 

velocity distribution is Gaussian, with mean zero and veloc- 
ity dispersion <r, then the probability that the /th velocity is vi 
can be written as: 

P(V=Vi) = —^—6-^. (16) 
a^lrr 

Since we know the value of the observed velocity , a is the 
only unknown in this equation. 

The probability of the whole observed sample of velocities 
vx ,v2,'..vn is just the product of the individual probabilities: 

l(<j)=T\P(V=vl)=(—^~Xe-^',1'jl. (17) 
xcTyflrr/ 

We call 1(a) the likelihood function. 
The maximum-likelihood estimate of a is found by deter- 

mining the value of a which maximizes 1(a)\ equivalently, 
the value of the parameter <r which would make our observed 
sample the most probable. In practice, it is simpler to work 
with the log of the likelihood function, because then the 
product of Eq. ( 17) becomes a sum. In simple cases such as 
the above example, it is possible to derive a formula for the 
maximum-likelihood estimator of <7 by differentiating 1(a) 
and setting the result equal to zero; in more complicated 
cases the likelihood function is maximized numerically. 

Error estimates (and in the case of more than one param- 
eter, estimates of correlation between parameters ) are found 
using the second derivative of the likelihood function, evalu- 
ated at the estimated value. In our example, 

var(<7) — — \/l" (a) (18) 

fdv. K-^c!isk)2/2<4sk (20) 

./halo - ((;/-/Aalo)V2oi-lalo (21) 

and the v,- are the velocity observations. 
In Sec. VIIM, this procedure was extended to estimate the 

scale height of the disk component from the change in kine- 
matics with z height. The log likelihood function was: 

log l(ir(J,fj.dlsk,h2 ) = £ log[irfdisk + (1 - TT)fhah], 

(22) 
where/disk and/ha]o have the same functional form as before, 
and 

rr=v0e~z/l'z, (23) 
with fj,hílk¡, <7haj0, and (7disk now fixed. 

d) Testing for Gaussian Shape 

The Kolmogorov-Smirnov test is frequently used when 
testing for Gaussian shape. It is a good general test for decid- 
ing whether two sets of data are drawn from the same distri- 
bution, but there are more sensitive tests available for the 
special case of checking for Gaussian shape. 

A comprehensive review of tests of goodness of fit is given 
by D’Agostino and Stephens (1986); they have a useful 
chapter on graphical techniques. They comment about test- 
ing for Gaussian shape: “...the Kolmogorov-Smirnov test is 
only a historical curiosity. It should never be used.” 

One of the tests they recommend for small sample sizes is 
the Shapiro-Wilk test. The test is based on the use of proba- 
bility plots, where the sample cumulative distribution func- 
tion is plotted with a vertical scale such that Gaussian data 
form a straight line. The slope of this line gives an estimate of 
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(7 for the Gaussian distribution. The Shapiro-Wilk test com- 
pares this estimate with the sample standard deviation; if the 
two estimates agree, the data come from a Gaussian distribu- 
tion. 

This test is much more powerful than the Kolmogorov- 

Smirnov test. Detailed instructions for performing the test, 
and significance levels, can be found in Shapiro and Wilk 
( 1965). It is used for sample sizes of 50 and below; exten- 
sions to larger sample sizes can be found in D’Agostino 
( 1971 ) and Shapiro and Francia ( 1972). 
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